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Thesis$Abstract## Marine#particles#include#all#living#and#non\living#solid#components#of#seawater,#representing#an#extremely#dynamic#and#chemically#diverse#mixture#of#phases.##The#distributions#of#these#phases#are#poorly#constrained#and#under\sampled#in#the#oceans,#despite#interactions#between#living#organisms#and#non\living#minerals#having#central#roles#within#many#globally#relevant#biogeochemical#processes.##Through#a#combination#of#method#development,#basin\scale#particulate#collection#and#analyses,#modeling,#and#field#experiments,#this#thesis#examines#both#the#distributions#of#marine#particulate#trace#metals#and#the#underlying#processes—inputs,#scavenging,#vertical#and#horizontal#transport,#and#biotic#uptake—in#which#marine#particles#participate.## I#first#present#the#results#of#an#intercalibration#exercise#among#several#US#laboratories#that#analyzed#filtered#particles#on#shared#polyethersulfone#filters.##We#use#inter\lab#and#intra\lab#total#elemental#recoveries#of#these#particles#to#determine#our#state#of#our#intercalibration#(≤21%#one\sigma#inter\lab#uncertainty#for#most#elements;#≤9%#intra\lab)#and#to#identify#means#of#future#improvement.##We#also#present#a#new#chemical#method#for#complete#dissolution#of#polyethersulfone#filters#and#compare#it#to#other#total#particle#digestion#procedures.##I#then#present#the#marine#particulate#distributions#of#the#lithogenic#elements#Al,#Fe,#and#Ti#in#the#North#Atlantic#GEOTRACES#section.##Inputs#of#lithogenic#particles#from#African#dust#sources,#hydrothermal#systems,#benthic#nepheloid#layers#and#laterally\sourced#margin#influences#are#observed#and#discussed.##Lithogenic#particle#residence#times,#size\fractionation#patterns,#Ti\mineral#speciation,#and#relationships#to#biological#aggregation#processes#are#calculated#and#described.##A#one\dimensional,#size\fractionated,#multi\box#model#that#describes#lithogenic#particle#distributions#is#also#proposed#and#its#parameter#sensitivities#and#potential#implications#are#discussed.#The#thesis#concludes#with#the#presentation#of#results#from#a#series#of#bottle#incubations#in#naturally#iron\limited#waters#using#isotopically#labeled#Fe\minerals.##We#demonstrate#both#biotic#and#abiotic#solubilization#of#the#minerals#ferrihydrite#and#fayalite#via#transfer#of#isotopic#label#into#suspended#particles.##These#results#are#the#first#of#their#kind#to#demonstrate#that#minerals#can#be#a#source#of#bioavailable#iron#to#euphotic#communities#and#that#spatial#and#ecological#variations#in#mineral#Fe\bioavailability#may#exist.##Thesis#supervisor:#Phoebe#J.#Lam#Title:#Associate#Scientist## #
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Chapter(1:(Introduction(!1.1!Preface!From!an!analytical!perspective,!this!thesis!is!centered!around!concentration!measurements!of!filtered!marine!particulate!matter!in!seawater:!in!short,!how!much!of!particulate!element!X!is!present!in!seawater!at!location!and!time!Y!or!under!condition!Z?!!My!three!data!chapters!use!these!measurements!to!address,!in!order:!1)!How!well!do!we!perform!analytical!particulate!digests?!2)!How!are!marine!particulates!distributed!across!and!within!the!North!Atlantic,!and!can!we!explain!them?!!3)!Are!mineral!forms!of!particulate!iron,!an!important!micronutrient,!at!all!accessible!to!biotic!communities?!!But!let’s!step!back!for!a!moment:!why!were!these!measurements!performed!!in!the!first!place,!and!why!are!oceanic!particles!the!focus!of!scientific!investigation!at!all?!!1.2!Marine!Particles:!What!Are!They!and!Why!Examine!Them?!From!a!chemical!perspective,!the!particles!present!in!the!ocean!at!any!given!time!and!location!can!be!conceptually!split!into!two!pools:!particles!deriving!from!living!(or!recently!living)!organisms,!and!nonQliving!or!abiotic!material."!Each!pool!can!be!further!subQdivided.!!Biotic!particles!can!be!separated!via!various!chemical!techniques!into!different!major!phases!based!on!marine!organisms’!dominant!compositions:!those!that!form!skeletons!of!biogenic!silica!(bSi)!or!calcium!carbonate!(CaCO3!or!particulate!inorganic!carbon:!PIC),!and!softQtissue!organisms!and!biotic!exudates!(particulate!organic!carbon:!POC)!(Francois!et!al.,!2002).!!The!abiotic!pool!of!particles!can!be!subdivided!into!minerals!of!various!size!and!origin,!either!sourced!from!entirely!outside!the!ocean!(“exogenous”!lithogenic!or!crustallyQderived!dust!and!resuspended!sedimentary!particles)!and!minerals!formed!within!seawater!itself!(in"situQformed!authigenic!minerals)!(Chester,!2009!and!refs.!therein).!!These!pools!undergo!constant!interaction,!both!physically!and!chemically,!to!form!and!unQform!small!and!large!assemblages,!marine!snow!aggregates,!biofilms,!fecal!pellets,!multicellular!colonies,!and!innumerable!other!microQ!and!macroQenvironments!that!are!the!habitats!and!environs!of!living!things.!
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Marine!particulates!thus!include!nearly!all!organisms!(unicellular!bacterial!and!eukaryotes,!multicellular!colonies!and!animals)!that!live,!grow!and!die!in!the!oceans,!along!with!nearly!all!the!nonQliving!solid!materials!(dust,!sediments,!other!minerals!and!aggregates)!that!naturally!cycle!through!marine!environments.!These!particulates!influence!and!control!global!biogeochemical!cycles!through!biological!production,!vertical!export!and!in"situ"alteration!processes.!!A!pressing!question!facing!oceanographers!and!earth!scientists!at!the!current!time!is!understanding!how!carbon!dioxide—a!rapidly!accumulating!anthropogenic!greenhouse!gas—is!removed!by!the!planet’s!biosphere.!!As!40%!of!the!planetary!primary!production!is!by!the!marine!biosphere!(Boyd!et!al.,!2007;!Martin!et!al.,!1994),!understanding!the!major!controls!over!marine!primary!production,!carbon!export,!and!recycling—the!ocean’s!biological!pump—is!an!integral!part!in!describing!how!the!biosphere!operates!presently,!how!it!has!in!the!past!(Sarmiento!and!Toggweiler,!1984),!and!how!it!will!in!the!future!(Bernstein!et!al.,!2008).!! One!of!the!key!controls!of!marine!primary!productivity!is!iron,!which!is!a!limiting!micronutrient!for!phytoplankton!growth!in!vast!regions!of!the!world!oceans!(Boyd!et!al.,!2007;!Jickells,!2005;!Mahowald!et!al.,!2009;!Martin,!1988).!!Total!iron!in!the!ocean!is!often!strongly!partitioned!to!the!particulate!phase!due!to!its!poor!solubility!in!seawater.!!Iron!has!been!a!central!focus!for!marine!biogeochemical!studies!since!the!1980s.!!Measurements!of!dissolved!iron!(dFe)!have!been!collected!as!parts!of!global!ocean!surveys!(JGOFS,!CLIVAR,!and!now!GEOTRACES)!and!numerous!regional!(Blain!et!al.,!2008;!Planquette!et!al.,!2007)!and!transect!studies!(de!Jong!et!al.,!2012;!Fitzsimmons!et!al.,!2013)!for!many!years,!and!have!informed!our!current!scientific!understanding!of!this!element!as!an!increasingly!complex!one!controlled!by!variable!inputs!(Lam!and!Bishop,!2008;!Mahowald!et!al.,!2009),!ligands!(Buck,!2012),!light!effects!(Strzepek!et!al.,!2012)!and!organic/biotic!interactions!(Rose!and!Waite,!2003;!Shaked!and!Kustka,!2005).!!Even!so,!recent!compilations!of!dissolved!Fe!measurements!(Moore!and!Braucher,!2007;!Tagliabue!et!al.,!2012)!are!quick!to!note!the!large!spatial!and!temporal!gaps!in!dissolved!datasets!and!thus,!perhaps!also,!our!understanding!of!iron!cycling!itself.!
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Particulate!iron!measurements!are!even!more!sparsely!distributed—no!global!compilations!are!even!available—despite!growing!evidence!that!aeolian!(Achterberg!et!al.,!2013;!Mahowald!et!al.,!2009),!and!lateral/benthic!iron!sources!(Hatta!et!al.,!2013;!e.g.!Lam!and!Bishop,!2008;!Planquette!et!al.,!2009)!frequently!invoked!as!controlling!dFe!distributions!and!driving!regional!primary!productivity,!are!often!also!associated!with!strong!or!dominant!particulate!Fe!signals!as!well.!!The!US!GEOTRACES!program!offered!an!opportunity!to!examine!largeQscale!particulate!distributions!in!a!manner!not!probed!since!the!GEOSECS!program!(Brewer!et!al.,!1976)!and!particleQfocused!nepheloid!layer!programs!of!the!1970s!and!1980s!(Biscaye!and!Eittreim,!1977;!Gardner!et!al.,!1983).!!The!method!development!and!sizeQfractionated!particle!dataset!that!emerged!from!the!US!GEOTRACES!N.!Atlantic!project!are!the!focus!of!my!first!two!data!chapters!and!represent!a!significant!expansion!of!available!water!column!iron!data,!among!other!particulate!elements.!!The!bioavailability!of!mineral!particulate!Fe!is!examined!using!bottle!incubations!with!synthetic!FeQminerals!in!my!third!data!chapter.!!1.3!Thesis!Structure!! The!data!chapters!of!this!thesis!examine!a!range!of!questions!relevant!to!particulate!metal!analyses,!distributions,!and!both!biotic!and!abiotic!marine!processes.!!Chapter!two,!an!intercalibration!and!methods!paper!prepared!for!submission!to!the!journal!Limnology!and!Oceanography!Methods,!quantifies!how!several!US!laboratories!participating!in!the!US!GEOTRACES!program,!including!our!own,!performed!when!analyzing!the!same!set!of!filtered!particulate!samples.!!This!paper!also!serves!to!introduce!a!filter!digestion!procedure!I!developed—the!soQcalled!“Piranha!method”!after!the!primary!reagent!used—that!completely!solubilizes!the!otherwise!refractory!filter!membrane!(polyethersulfone,!PES;!or!SuporQbrand)!used!for!trace!metal!particle!collection!on!the!US!GEOTRACES!cruises.!! Chapter!three!presents!and!models!our!particulate!trace!metal!results!from!the!US!GEOTRACES!North!Atlantic!Zonal!Transect!(GTNAZT)!that!were!analyzed!using!the!methodologies!outlined!in!chapter!two.!!The!bulk!of!this!chapter!focuses!on!three!of!the!eighteen!elements!collected:!the!particulate!lithogenic!tracer!
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elements!Al,!Fe,!and!Ti.!!This!dataset!is!the!first!of!its!kind!in!that!it!presents!full!ocean!depth!trace!metal!particulate!data!for!an!entire!ocean!basin!zonal!transect!at!a!depth!and!spatial!resolution!great!enough!to!observe!surface,!lateral,!hydrothermal,!and!benthic!distributions!of!refractory!lithogenic!material!simultaneously.!!Our!examination!of!lithogenic!elements!(and!their!ratios)!in!an!oceanographic!section!allows!for!determination!of!regions!of!various!input!dominance!(African!dust,!hydrothermal!particles,!benthic!nepheloid!layers,!and!biogenic!inputs),!as!well!as!lithogenic!particulate!residence!times!within!several!depth!ranges,!which!we!calculate!using!lithogenic!inventories!and!external!aeolian!input!fluxes!in!the!open!ocean.!!We!use!synchrotronQbased!xQray!fluorescence!(XRF)!mapping!to!visualize!fine!aeolian!lithogenic!particles!within!large!(>51µm)!biogenic!aggregates!to!explore!why!the!surface!mixed!layer,!but!not!the!deep!chlorophyll!max,!has!elevated!lithogenic!metal!abundances.!!We!also!use!synchrotron!xQray!nearQedge!spectroscopy!(XANES)!to!compare!and!contrast!the!mineral!speciation!of!particulate!titanium!(pTi)!in!fine!particles!from!aeolian!dust,!the!African!margin,!and!near!Cape!Verde.!Chapter!three!also!exploits!the!observations!that!pTi!is!essentially!inert—especially!compared!to!bioactive!elements!(e.g.!carbon)!but!even!compared!to!lithogenic!tracers!Al!and!Fe—and!is!entirely!sourced!from!fine!aeolian!dust!inputs!into!the!surface!ocean!in!regions!away!from!lateral!influence!from!the!margin.!!The!vertical!profiles!and!sizeQfractionation!of!pTi!in!the!open!ocean!should!thus!be!explained!by!a)!dust!input!variations!and!b)!vertical!particle!sinking!rates,!which!in!turn!are!driven!by!c)!depthQdependent!biotic!aggregation!and!disaggregation!between!small!(slowly!sinking)!and!large!(fastQsinking)!particle!size!fractions.!!I!develop!and!explore!a!1QD!lithogenic!particle!model!that!demonstrates!these!results!and!explores!sensitivities!to!various!particulate!parameters,!furthermore!suggesting!that!abiotic!particles!not!only!demonstrate!the!effects!of!lithogenic!inputs!and!alteration!processes,!but!may!explain!facets!of!bioticallyQdriven!processes!as!well.!Chapter!four!directly!examines!the!bioavailability!of!mineral!particulate!iron!to!ironQlimited!biotic!surface!communities.!!We!prepared!synthetic!minerals!using!a!naturally!minor!and!stable!isotope!of!iron!(57Fe),!immobilized!them!on!acrylic!slides,!
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and!incubated!them!in!whole!surface!seawater!from!iron!limited!regions!for!12Q13d,!looking!for!transfer!of!57Fe!signal!from!the!mineral!phase!into!suspended!(biotic!and!abiotic)!particles.!!We!examine!the!trends!in!57FeQtransfer!between!a)!the!minerals!ferrihydrite!(an!Fe3+Qoxyhydroxide)!and!fayalite!(an!Fe2+Qsilicate);!b)!abiotic!(HgQpoisoned)!and!liveQincubation!(whole!seawater)!bottles;!and!c)!marine!communities!from!a!coastal!(high!Fe)!and!an!open!ocean!(low!Fe)!environment.!!Our!results!suggest!evidence!for!surprisingly!similar!magnitudes!of!abiotic,!lightQdependent!FeQtransfer!from!both!minerals,!despite!differences!in!crystallinity;!notable!biotic!chlorophyll!responses!to!both!minerals!in!the!islandQinfluenced!incubation,!but!only!ferrihydrite!in!the!open!ocean!incubation);!and!physiologically!relevant!57Fe:P!uptake!ratios!in!the!islandQinfluenced!incubation.!!These!results!suggest!a!more!direct!biological!role!for!refractory!mineral!pFe!sources!than!traditionally!considered.!!
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Abstract.! The!US!GEOTRACES!program!will!generate!marine!particulate!trace!metal!data!over!spatial!scales!and!depth!resolutions!never!before!sampled.!!In!preparation!for!these!analyses,!we!conducted!a!four!laboratory!intercomparison!exercise!to!determine!our!degree!of!intercalibration!and!to!examine!how!several!total!digestion!procedures!perform!on!marine!particles!collected!on!polyethersulfone!(PES,!Pall!Supor™)!filters.!!In!addition,!we!present!a!new!chemical!method!for!complete!dissolution!of!PES!filters!using!a!combination!of!sulfuric!acid!and!hydrogen!peroxide!(piranha!reagent)!that!can!be!conducted!using!minimal!specialized!equipment.!!Intra:laboratory!subsampling!variability!(RSD:!1σ/x̄,% )%for!~10L!seawater:equivalent!filtered!particulate!samples!was!measured!at!an!element:dependent!1:9%,!while!inter:laboratory!variability!accounted!for!an!additional!5:42%!variability.!!Lab:!and!element:specific!trends!in!recoveries!are!discussed,!though!all!digestion!methods!tested!appear!to!completely!solubilize!particulate!material.!!We!recommend!rigorous!determination!of!digest!and!filter!process!blanks,!as!some!particulate!elements!(namely!Pb!and!Zn)!have!natural!abundances!that!approach!these!values.!! !
!! 20!
Introduction.! Polyethersulfone!(PES)!membrane!filters!are!an!increasingly!common!choice!for!marine!particulate!collection!due!to!their!low!blanks,!high!volume!throughput,!and!relative!ease!of!handling!(Planquette!and!Sherrell!2012)!(Bishop!et!al.!2012).!!As!a!result!of!these!properties,!PES!filters!(specifically!Supor™,!Pall!Corporation)!were!chosen!as!the!primary!collection!membrane!for!many!particulate!trace!elements!and!isotopes!(pTEI)!as!part!of!US!participation!in!the!international!GEOTRACES!program.!!The!chemical!resistance!that!gives!PES!filters!their!durability!and!ease!of!handling,!however,!can!present!analytical!difficulties!when!total!filter!digestion!and/or!complete!recovery!of!filtered!material!are!desired.!!Standard!mineral!acid:based!total!digestion!procedures!(various!mixtures!of!HCl/HF/HNO3)!{Eggimann:1976tk}!conducted!in!temperature!ranges!compatible!with!PFA!vials!(<260˚C)!only!partially!depolymerize!and!deform!or!fragment!the!PES!matrix.!!The!resulting!solutions!can!be!challenging!to!process!further!or!analyze,!not!only!because!of!the!presence!of!solids!in!the!digest!solution!that!can!clog!the!introduction!systems!of!analytical!instruments,!but!also!because!soluble!PES!organic!polymers!or!mono/oligomers!complicate!the!sample!matrix!to!varying!degrees!depending!on!sample!and!may!precipitate!at!later!procedural!steps.!!!! Total!dissolution!of!PES!filters!can!be!accomplished!through!the!use!of!high:pressure/high:temperature!microwave!digestion!systems!(e.g.,!Anton!Paar!Multiwave!3000,!L.F.!Robinson,!pers.!comm.)!or!high!pressure!ashers!(T.J.!Horner,!pers.!comm.),!though!these!systems!are!costly,!have!low!sample!throughput,!and!may!lose!volatile!elements!such!as!Cd.!!Perchloric!acid!fully!dissolves!the!PES!matrix!at!atmospheric!pressure!and!typical!hot!plate!temperatures!(Anderson!et!al.!2012),!but!requires!special!handling!and!fume!hoods!with!wash:down!capabilities!that!are!unavailable!or!undesirable!to!many!labs.!!In!order!to!fully!digest!and!efficiently!process!the!large!number!of!particulate!samples!collected!during!US!segments!of!the!international!GEOTRACES!program,!we!sought!a!chemical!method!that!could!both!dissolve!the!PES!matrix!and!be!scaled!to!allow!high!throughput!sample!processing.!! Piranha!solution—typically!a!3:1!v/v!mixture!of!concentrated!sulfuric!acid!and!hydrogen!peroxide—is!a!strong!oxidizing!agent!typically!used!to!clean!organics!
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from!substrates!such!as!silicon!wafers!and!laboratory!glassware!{Yang:1975tq}.!!We!describe!a!procedure!that!utilizes!piranha!solution!to!dissolve!the!PES!matrix.!!The!procedure!can!be!conducted!entirely!in!PFA!vials!on!a!hotplate,!allowing!the!digestion!to!be!conducted!cleanly!and!with!minimal!specialized!equipment.!!When!followed!by!a!more!traditional!high!temperature,!mineral!acid!total!digest,!both!the!PES!matrix!and!filtered!particulate!material!are!completely!solubilized,!and!a!uniform!sample!matrix!is!generated!that!is!appropriate!for!further!chemical!processing!or!direct!analysis.!We!compare!the!piranha!digestion!method!to!several!other!digestion!methods!used!by!US!laboratories!that!are!measuring!total!marine!particulate!trace!element!concentrations!in!association!with!the!US!GEOTRACES!program.!!Replicate!subsamples!of!marine!particles!collected!on!Supor!filters!were!distributed!to!each!lab!(Labs!1:4)!in!order!to!assess!the!comparability!of!each!lab’s!“typical”!digestion!and!analytical!methods.!!Our!goals!were!to!determine!the!intercomparability!of!our!procedures!and!to!quantify!our!degree!of!intercalibration!in!the!digestion!of!marine!particles!collected!on!PES!filters.!!We!were!specifically!interested!in!determining:!1)!the!general!state!of!our!intercalibration,!considering!both!natural!heterogeneity!of!particulate!samples!and!our!different!digestion!procedures;!2)!whether!the!piranha!digest,!which!was!in!development!alongside!the!intercomparison!exercise,!accesses!any!additional!particulate!material!that!could!be!occluded!or!adsorbed!by!residulal!filter!material!during!procedures!that!do!not!fully!dissolve!PES!filters;!3)!if!complete!filter!dissolution!from!the!piranha!digest!is!associated!with!increases!in!filter!blanks.!!
Materials.and.procedures!
! !
Reagents!and!equipment!! All!reagents,!including!sulfuric!acid,!were!Optima:grade!(Fisher)!unless!otherwise!mentioned.!!Supor®!PES!filters!(Supor800,!142!mm!diameter,!0.8!µm!pore!size;!Pall)!were!cleaned!prior!to!use!by!immersion!in!60°C!1.2!M!trace!metal:grade!hydrochloric!(HCl)!acid!(Fisher)!for!12!hr,!then!rinsed!by!immersion!in!ultra:pure!water!(>18.2!MΩ•cm!Milli:Q!water;!EMD!Millipore)!that!was!changed!
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frequently!until!the!rinse!water!was!no!longer!acidic!(Committee!2010).!!PFA!vials!with!flat:bottom!interiors!(15mL;!Savillex)!were!found!to!provide!even!heat!distribution!to!vial!contents!and!thus!efficient!drying!times.!!Round:bottom!vials,!which!were!not!tested,!are!easier!to!clean!due!to!a!lack!of!internal!edges,!but!likely!increase!drying!times!due!to!their!thicker!bottom!construction.!!Matched!vial!lids!(33!mm,!Savillex)!were!used!which!have!an!interior!flange!that,!when!placed!loosely!on!vial!tops,!allows!for!moderate!vapor!venting!while!preventing!spatter!from!bursting!bubbles!from!transferring!to!the!vial!threads.!Vials!and!lids!were!cleaned!using!the!procedure!described!in!(Auro!et!al.!2012).!!Briefly,!vial!and!lid!interiors!were!first!hand:rinsed!with!Milli:Q!water!and!cleanwipes!(Kimtech!W4;!Kimberly!Clark)!to!remove!any!physically!adhered!material,!then!submerged!in!closed!1L!PFA!jars!and!heated!at!170:200˚C!(hotplate!surface!temperature)!for!12!hr!in!sequential!solutions!of!8N!reagent:grade!nitric!acid!(HNO3),!then!6N!trace!metal:grade!HCl.!!Vial/lid!pairs!were!then!refluxed!individually!with!1:2mL!Optima™:grade!HNO3!(16N,!4!hr,!135˚C),!rinsed!with!Milli:Q!water,!and!dried!prior!to!use.!!All!digest!and!cleaning!procedures!were!conducted!in!a!HEPA:filtered!hood!within!a!class!100/ISO!5!cleanroom.!An!acid:inert!hotplate!capable!of!maintaining!temperatures!≥230˚C!without!exceeding!the!PFA!upper!service!limit!of!260˚C!is!critical!to!the!piranha!procedure.!!!Use!of!a!heating!block!to!insulate!the!vial!sides!also!greatly!decreases!sulfuric!acid!(b.p.!337˚C)!drying!time.!!Some!of!the!authors!utilize!plate/block!combinations!manufactured!by!Analab!SARL!(France)!and!fitted!for!the!Savillex!vials!described,!though!several!other!manufacturers!exist.!!Regardless!of!hotplate!manufacturer,!we!strongly!recommend!using!a!non:contact,!infrared!thermometer!to!confirm!hotplate!surface!temperatures!and!determine!surface!heating!gradients.!!This!allows!the!highest!temperature!to!be!maintained!without!risking!damage!to!PFA!vials.!
!
Particulate!samples!used!in!intercomparison!Three!filtered!marine!particle!samples!(GCM12,!17!and!38)!and!one!dipped!blank!filter!(GCM!45)!collected!during!the!Great!Calcite!Belt:I!cruise!(Figure!1)!were!selected!to!provide!a!wide!range!of!lithogenic!and!biogenic!element!concentrations!
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(“loadings”)!for!intercomparison!(Table!1).!!Dipped!blank!filters—one!filter!set!per!station,!contained!within!a!folded,!1!µm:mesh!envelope!to!prevent!particle!adherence—were!deployed!in!a!perforated,!acid:cleaned!polypropylene!container!attached!to!the!pump!frame!to!allow!seawater!exposure!during!the!deployment!{Bishop:2012il}.!!Dipped!blanks!were!processed!identically!to!samples!upon!recovery!and!represent!a!full!process!filter!blank.!!An!additional!sample!(GCM13)!with!moderately!high!biogenic!and!lithogenic!particle!loading!was!selected!to!determine!intra:lab!subsample!variability.!Sample!collection!was!via!in+situ!battery:powered!pumps!(McLane!WTS:LV)!suspended!from!a!non:metallic!hydrowire!(Aracom!miniline).!!Pumps!operated!for!2:2.5!hr!at!a!programmed!rate!of!8L/min!in!a!dual:flowpath!configuration!detailed!in!(Committee!2010)!that!allowed!for!simultaneous!collection!of!particles!on!two!filter!types.!!A!“Mini:MULVFS”!142!mm!filter!holder!configuration!was!used,!which!has!been!shown!to!result!in!homogeneous!filtered!particle!distribution!and!prevents!loss!of!large!particles!(Bishop!et!al.!2012).!!Acid:leached!51!µm!polyester!screens!that!retained!larger!particles!were!upstream!of!the!paired!0.8!µm!(Supor800,!142!mm!diameter)!filters!discussed!in!this!study.!!The!paired!configuration!of!0.8!µm!Supor!filters!was!a!compromise!that!increased!retention!of!fine!particles!by!the!bottom!filter!for!an!effective!pore!size!of!~0.6µm!from!the!sum!of!top!and!bottom!filters,!while!having!much!better!particle!distribution!and!filtration!characteristics!than!a!single!0.45!µm!filter!(Bishop!et!al.!2012).!!Only!results!from!the!top!filters!(0.8:51!µm!particles)!are!discussed!in!this!study.!!Seawater!volumes!collected!through!the!Supor!flowpath!and!the!volume:equivalent!(L!seawater)!on!subsamples!distributed!to!the!participants!are!detailed!in!Table!1.!After!recovery,!samples!and!blanks!were!lightly!misted!with!Milli:Q!water!over!gentle!vacuum!to!reduce!sea!salt!retention,!dried!at!60˚C!on!acid:cleaned!plastic!supports!in!a!stainless!steel!oven!within!a!HEPA:filtered!environment,!and!bagged!in!clear!polyethylene!clean!room!bags!(KNF!Flexpak).!!Rapid!misting!with!water!is!intended!to!quickly!reduce!salt!loading!without!exposing!cells!to!an!extended!period!of!hypotonic!stress!{Collier:1984ug},!though!we!acknowledge!that!
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some!slight!loss,!especially!of!biogenic!elements!(e.g.!P,!Cd),!is!inevitable!through!this!procedure.!
!
Intercomparison!sample!distribution!Each!of!the!four!participating!labs!received!three!replicate!subsamples!(described!further!below)!from!each!of!the!four!filter!pairs!and!was!free!to!digest!and!analyze!the!subsamples!as!they!wished.!!One!lab!digested!all!samples!using!a!single!digest!procedure,!while!the!others!conducted!multiple!digest!procedures.!!Because!we!were!limited!by!sample!availability,!there!are!relatively!few!replicates!for!each!lab/digest!treatment!(n=3!max;!frequently!n=1!or!n=2).!!Unlike!a!larger!intercalibration!exercise!of!dissolved!TEIs!(e.g.!SAFe!intercalibration!for!dFe!{Johnson:2007uf})!in!which!large!volumes!of!uniform,!readily!available!samples!can!be!used!for!repeated!analysis!and!consensus!generation,!the!intercalibration!of!marine!particulates!poses!additional!challenges,!primarily!to!do!with!limitations!imposed!by!the!most!common!particle!sample!collection!methods.!!Here!we!used!142mm!filters!through!which!~250!L!had!been!pumped.!!This!restricted!the!number!of!replicate!subsamples!and!participants.!!We!therefore!conducted!a!collaborative,!rather!than!blind,!intercomparison!exercise!wherein!results!were!discussed!during!multiple!iterations.!!Early!results!focused!on!the!possibility!that!the!piranha!digest!had!elevated!recoveries!for!some!elements,!and!later!iterations!focused!on!addressing!lab:specific!biases!in!methodology!and/or!processing!of!results.!!Each!digest!procedure!was!eventually!conducted!by!at!least!two!labs,!and!re:runs!of!several!filters!and!digest!solutions!helped!to!generate!the!procedures!and!state!of!intercalibration!presented!here.
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!
Procedures!
Filter$subsampling,$distribution,$instructions$to$participants$1. Supor!filters!and!dipped!blanks!used!in!the!intercomparison!were!subsampled!on!acid:leached!clear!acrylic!sheets!using!new!stainless!steel!surgical!blades!and!a!rectangular!acrylic!template!(15!mm!x!25!mm!=!3.75!cm2;!3!%!of!the!filter!active!area!of!125!cm2).!!All!acrylic!components!and!Tefzel®!forceps!used!for!sample!manipulation!were!acid:cleaned!prior!to!use.!!Variation!attributable!to!heterogeneities!in!particle!distribution!on!the!filter!is!discussed!later!in!the!text.!!2. Supor!subsample!pairs!(top!and!bottom!filters)!were!cut!simultaneously,!and!each!participating!lab!received!n=3!subsample!pairs!from!each!sample.!!Labs!were!free!to!digest!all!three!subsamples!in!triplicate!using!a!single!digest,!or!to!test!up!to!three!different!methods.!!Analyses!reported!were!from!each!lab’s!“standard!suite”!of!reported!elements,!as!no!analytical!list!or!methodology!was!prescribed.!!We!present!results!for!elements!reported!by!two!or!more!labs,!from!digestions!of!the!top!Supor!filters!only!(0.8:51µm!particulate!size!fraction).!3. Though!not!utilized!in!this!intercomparison!study,!larger!filter!subsamples—“pie:slice”!filter!wedges—can!be!cut!from!Supor!filters!using!ceramic!rotary!blades!(Cadence!Inc.)!suitable!for!use!in!a!commercially!available!plastic!rotary!fabric!cutter!(Olfa).!!To!guide!rotary!cuts,!cutting!sheets!were!placed!atop!a!second!acrylic!sheet!that!had!pre:drawn,!radiating!guidelines!etched!into!it.!!For!some!filter!types,!including!pre:filters,!blanks,!and!lightly!loaded!single!Supors,!the!stack!can!be!placed!on!a!light!box!(McMaster:Carr)!which!aids!guideline!observation!during!rotary!cuts.!!!
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Piranha$digestion$1. Filters!were!placed!into!vials,!ideally!with!sample!side!facing!downwards!or!folded!inwards.!!Small!filters!(e.g.,!25!mm!circular!filters)!fit!snugly!into!flat:bottom!15mL!Savillex!vials,!allowing!minimal!volumes!of!reagent!to!be!used!in!future!steps.!!Larger!filters!(e.g.!pie:slices!from!142!mm!filters)!may!need!to!be!folded!or!cut!into!smaller!pieces!to!prevent!the!filter!from!protruding!out!of!solution!and!to!minimize!reagent!usage.!2. Piranha!solution!is!volumetrically!3!parts!concentrated!(18.4!M,!98!%!w/w)!sulfuric!acid!to!1!part!concentrated!(30:32!%!w/w)!hydrogen!peroxide.!!Sulfuric!acid!was!added!first,!with!the!volume!adjusted!to!the!amount!of!filter!material!to!be!digested,!sample!loading,!and!sample!type.!!Larger!filters,!higher!loadings,!or!more!refractory!organic!components!may!require!larger!volumes.!!For!the!intercomparison!described!herein,!1.5mL!of!sulfuric!acid!was!used!for!all!samples!and!blanks.!!Lids!were!then!placed!atop!loosely,!but!with!threads!aligned!(lids!level),!to!prevent!loss!from!spatter!of!the!viscous!sulfuric!bubbles!that!may!form!and!break.!!The!filter!was!left!to!soak!for!20!minutes!at!room!temperature.!4. Lids!were!then!lifted!slightly,!and!an!initial!volume!of!1!part!concentrated!hydrogen!peroxide!was!added!to!each!vial!(0.5mL!in!this!study),!which!generates!the!piranha!solution.!!Lids!were!immediately!replaced!in!the!same!manner!as!before!to!allow!venting!but!prevent!loss!associated!with!spatter.!!Vials!were!swirled!gently!to!mix,!then!replaced!in!PFA:coated!heating!blocks!at!a!hot:plate!temperature!of!110!°C.!!The!piranha!solution!fizzes!as!it!heats,!and!small!bubbles!that!give!the!solution!its!name!noticeably!began!to!attack!the!filter.!!Lids!remained!loosely!in!place!to!keep!any!spatter!inside!the!vials.!!Highly!particulate:loaded!filters!did!not!always!fully!dissolve!during!this!step,!but!the!solution!was!allowed!to!react!for!30:60!minutes!to!dissolve!the!most!readily!available!organic!material.!!Lightly!loaded!filters!and!blanks,!however,!occasionally!turned!yellow:brown!or!fully!dissolved!at!this!step.!
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!Care!was!exercised!when!lifting!lids!from!the!vials,!as!water!condensing!inside!reacts!violently!when!dropping!into!the!solution!below.!!Lids!were!tapped!or!gently!shaken!prior!to!lifting!squarely!and!gently!upwards,!to!prevent!sample!loss.!!Samples!that!consumed!peroxide!comparatively!quickly,!or!that!reacted!especially!violently!were!noted,!as!these!samples!often!required!extra!peroxide!reagent!in!later!steps.!5. Once!the!reaction!began!to!subside!and!the!mixture!was!no!longer!fizzing!vigorously!(typically!no!longer!than!60!mins.),!another!0.5mL!peroxide!was!added!to!each!vial,!caps!were!loosely!replaced!as!before,!and!the!hotplate!temperature!increased!to!200!°C.!!During!this!step!the!solution!continued!to!dissolve!the!PES!matrix,!with!filters!browning!in!color!before!fully!dissolving.!!Undissolved!filter!pieces,!or!semi:digested!viscous!material!adhered!to!the!sides!of!the!vial,!sometimes!persisted!depending!on!sample!loading.!!Additional!100:200!µL!aliquots!of!peroxide!were!added!to!digest!this!material,!if!present,!though!vials!were!cooled!slightly!prior!to!addition,!as!fizzing!and!spatter!upon!addition!of!peroxide!is!intense!at!this!temperature.!!Process!blanks!(reagents!only)!and!filter!blanks!(unused!and/or!“dipped”!filters)!underwent!the!same!procedures!as!samples.!!If!any!solutions!became!notably!dilute!due!to!peroxide!addition,!preventing!the!digestion!from!continuing!as!noted!by!decreased!fizzing!vigor!and/or!increased!volume!despite!remaining!filter!material,!solutions!were!allowed!to!evaporate!and!reduce!in!volume!(uncovered,!once!reaction!had!ceased)!before!further!peroxide!additions.!!6. Lids!were!removed!carefully!and!vials!and!inverted!lids!were!then!dried!at!235:250!°C.!!PFA:coated!heating!blocks!that!insulate!the!vial!sides!significantly!decreased!the!drying!time!required,!allowing!moderate!volumes!of!reagent!(1:2!mL)!to!be!dried!in!only!a!few!hours.!!In!the!absence!of!heating!blocks,!clustering!vials!together!can!help!increase!the!temperature!of!the!vial!
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walls.!!Periodic!tapping!of!the!jars/blocks/hotplate!can!help!move!condensed!sulfuric!droplets!from!vial!walls!to!the!bottom,!speeding!drying.!! 7. Optional:!if!a!small!droplet!of!sulfuric!acid!remains!at!this!point!which!is!undesirable!to!carry!into!future!steps!(e.g.!interference!with!column!chemistry),!vials!can!be!cooled,!the!contents!resuspended!in!a!small!aliquot!of!Milli:Q!water!or!8N!nitric!acid,!then!step!6!repeated!until!the!droplet!is!removed.!!The!size!of!any!sulfuric!acid!droplet!remaining!decreases!with!repeated!dry:downs,!including!those!associated!with!subsequent!digestion!procedures,!which!may!make!this!step!unnecessary.!!Additional!ultrapure!peroxide!or!nitric!acid!additions!should!provide!negligible!addition!to!the!digest/acid!procedural!blanks,!especially!in!comparison!to!sulfuric!acid!and!filter:sourced!blank!levels.!!Nevertheless,!digest!acid!blanks!with!identical!additional!treatments!may!be!prepared!alongside!to!quantify!this!blank!contribution.!!8. With!the!PES!matrix!oxidized,!other!mineral!acid!total!digestion!procedures!can!be!performed!on!the!remaining!particulate!material.!!!
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Total$particulate$digestions$1. Three!particle!digestion!methods!were!used!by!the!authors;!they!are!detailed!below,!and!then!compared!herein.!!The!first!digest!(D1)!is!modeled!after!procedures!described!by!Cullen!and!Sherrell!(1999)!and!in!revised!form!in!Planquette!and!Sherrell!(2012).!!Briefly,!it!is!a!refluxing!method!using!50%!(8M)!HNO3/10%!(2.9M)!hydrofluoric!(HF)!acid!(v/v)!at!110!˚C!for!4!hours!in!which!the!filter!piece!is!not!submerged!in!acid,!but!is!instead!adhered!to!the!inside!wall!of!the!digestion!vial,!sample!side!facing!inwards.!!For!this!study,!1.0!mL!of!reagent!was!used.!!The!second!digest!(D2)!is!a!variation!on!the!procedure!described!by!Eggimann!and!Betzer!(1976),!adapted!by!author!P.!Morton!into!a!single!total!digestion.!!It!employs!a!freshly!prepared!mixture!of!HNO3,!HCl,!and!HF!acids!(4M!each)!in!Milli:Q!water.!!Filters!are!submerged!in!the!mixture!and!heated!for!4!hr!at!110˚C.!In!this!study,!2.0!mL!of!D2!reagent!volume!was!used!for!filter!samples!and!4.0!mL!for!lithogenic:rich!certified!reference!materials!(CRMs).!!The!third!digest!(D3)!is!the!piranha!digest!followed!by!digest!D2.!!For!all!three!digestion!methods,!after!refluxing!in!their!respective!reagents,!vials!were!cooled,!uncapped,!and!heated!to!dryness!at!110˚C.!For!digests!preceded!by!the!piranha!procedure,!a!brief!(2!hr,!open!vial)!drying!step!at!>235!˚C!was!appended!to!further!reduce!any!remaining!sulfuric!acid!droplet!volume,!if!present.!2. For!the!piranha!method!(D3),!final!dry!residues!were!resuspended!in!a!small!volume!(200:500!µL)!of!freshly!prepared!50%!HNO3/15%!H2O2!(v/v)!and!loosely!capped!(as!in!the!earlier!portion!of!the!piranha!digestion),!then!heated!at!110°C.!!After!vigorous!bubbling!ceased,!vials!were!uncapped!and!dried!at!135˚C.!!This!step!helps!ensure!removal!of!HF!present!in!the!digests!and!can!be!repeated!for!any!samples!that!retain!any!significant—typically!yellowish—coloration!(presumably!indicating!undigested!organic!material).!!
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3. A!final!aliquot!of!100!µL!conc.!HNO3!was!added,!and!the!solution!dried!at!110˚!C!to!near:dryness!(D1)!or!dryness!(D2!and!D3).!!For!analysis,!residues!were!resuspended!in!either!concentrated!HNO3!which!was!then!diluted!to!5%!(v/v)!with!Milli:Q!water!(D1),!or!directly!in!5%!HNO3!(D2!and!D3).!!
ICP;MS!analyses!Concentration!measurements!of!all!elements!discussed!in!the!text!were!conducted!by!Sector!Field!Inductively!Coupled!Mass!Spectrometetry!(SF:ICP:MS).!!At!WHOI,!digests!were!analyzed!on!an!Element:2!ICP:MS!(Thermo!Scientific)!operated!by!the!WHOI!Plasma!Facility.!!Analyses!at!Rutgers!were!conducted!on!an!Element:1!(Thermo)!ICP:MS!using!procedures!described!in!(Planquette!and!Sherrell!2012).!!Each!lab!used!its!own!sample!inlet!system,!analytical!method,!standardization,!and!drift!correction!procedures.!!The!most!consistent!results,!and!those!presented!here,!were!obtained!when!labs!utilized!and!corrected!to!a!sole!internal!drift!and!sample!matrix!suppression!monitor!of!115In!(typically!at!0.5:1ppb!concentration).!!Each!lab!was!free!to!analyze!their!digest!solutions!at!any!(or!multiple)!dilutions,!as!we!note!that!DOM:!and!salt:derived!matrix!can!result!in!element:dependent!In:normalization!effects!at!low!dilutions,!but!may!approach!detection!limits!at!higher!dilutions.!!Quantification!was!performed!using!external!standard!curves!prepared!gravimetrically!from!individual!element!ICP:MS!standards!into!a!sample!matrix!similar!to!the!final!digest!solutions!(typically!5%!HNO3).
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Assessment.! Certified!reference!materials!! Recovery!of!several!Certified!Reference!Materials!(CRMs)!by!Lab!2!using!digest!D3!(n.b.!D3!is!D2!preceded!by!the!piranha!digestion)!are!presented!in!Table!2a;!values!for!digest!D2!alone,!as!performed!by!labs!4!and!3!are!shown!in!Tables!2b!and!2c,!respectively.!!BCR414!is!a!freshwater!plankton!CRM;!MESS3!and!PACS:2!are!marine!sediments!from!the!Beaufort!Sea!and!Esquimalt!Harbor,!B.C.,!respectively.!RGM:1!is!a!rhyolite:derived!terrestrial!CRM!from!Glass!Mountain,!California.!!For!digest!D3!(Table!2a),!we!digested!5:6!replicates!of!10:35!mg!of!each!CRM,!amounts!that!are!notably!below!the!CRM!recommended!subsample!weights!(BCR414:!100!mg;!MESS3,!PACS:2:!250!mg),!to!avoid!possible!fine:scale!inhomogeneity!and!“nugget”!effects!for!these!materials.!!The!smaller!subsamples!were!chosen!to!be!closer!to!suspended!particulate!matter!(SPM)!loadings!encountered!in!marine!water!column!samples!(Table!3)!in!our!typical!digest!volumes,!and!thus!represent!a!compromise!between!reproducibility!and!environmental!relevance.!!Even!at!these!smaller!masses,!the!CRM!masses!used!only!bear!comparison!to!extremely!lithogenic:rich!marine!particle!samples,!such!as!those!in!benthic!nepheloid!layers!or!in!high:energy!coastal!systems.!Commercially!available!CRMs!are!not!perfect!analogues!of!suspended!marine!particulates!because!they!tend!to!have!much!higher!lithogenic!content!(e.g.!marine!sediment!CRMs)!and!tend!to!have!much!lower!(or!no)!salt!component,!which!significantly!affects!the!matrix!of!most!suspended!marine!particulate!samples.!!For!cost,!detection:limit,!and!efficiency!reasons,!marine!particle!samples!are!generally!digested!in!only!a!few!mL!of!acid!solution,!which!leads!to!strong!discrepancy!between!the!loadings!of!typical!marine!particulate!samples!and!the!recommended!subsample!masses!for!commonly!used!CRMs!(Table!3).!!This!limits!the!usefulness!of!CRMs!when!developing!or!assessing!digestion!procedures!for!marine!particle!studies.!!NIST2703,!a!relatively!new!marine!sediment!trace!element!standard!that!is!certified!for!weights!<10mg,!may!be!useful!in!addressing!these!concerns,!but!it!is!expensive!and!not!yet!widely!used.!
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With!these!caveats!in!mind,!CRMs!are!still!an!important!step!in!method!development,!and!we!observe!mean!recoveries!for!the!marine!sediment!CRMs!MESS!and!PACS!that!are,!considering!our!uncertainties!at!these!low!masses,!within!or!approaching!certified!values.!!Recoveries!by!piranha!(D3)!for!Pb!(Table!2a)!were!slightly!low!and!variable!in!both!lithogenic!CRMs,!perhaps!indicating!an!unknown!source!of!volatilization!or!loss!during!the!procedure.!!We!note!good!recoveries!for!normally!highly!refractory!Ti!{Bowie:2010cb}!from!both!lithogenic!CRMs!using!the!piranha!procedure,!which!was!also!observed!in!digest!D2!alone!(Tables!2b,!c).!!Recoveries!for!the!BCR414!plankton!standard!by!D3!(Table!2a)!trended!slightly!high!(mean:!116%)!and!were!more!variable,!perhaps!due!to!weight:associated!issues!at!low!masses!and/or!matrix!effects!associated!with!sulfuric!acid.!!Taken!as!a!whole,!both!digests!D3!(piranha!+!D2)!and!D2!alone!recover!trace!elements!of!interest!within!or!very!nearly!approaching!certified!and!consensus!values!for!a!range!of!CRMs,!excepting!slightly!low!recoveries!of!Pb!by!D3.!!Recoveries!of!several!CRMs!using!D1!have!been!reported!previously!(Planquette!and!Sherrell!2012).!!!
Subsample!variability!(intra;lab!comparison)!Subsample!variability!was!examined!using!n=5!replicate!subsamples!from!across!a!single!Supor!filter![GCM13,!Table!4]!that!were!then!digested!and!analyzed!by!Lab!2!using!digest!D3.!!Relative!standard!deviations!(RSDs,!or!1:sigma!relative!to!sample!mean)!were!found!to!be!≤5!%!for!all!elements!except!Ti!and!Th,!which!had!RSDs!of!7!%!and!9!%,!respectively.!!This!variability!includes!contributions!of!analytical!uncertainties!as!well!as!any!heterogeneity!in!particulate!distribution!on!the!filter.!!The!uncertainty!of!the!subsampling!plus!analysis!is!significantly!less!than!previously!observed!for!Supor!filters:!Maiti!et!al.!{Maiti:2012gy}!found!16.8!%!variability!in!234Th!counts!from!a!142!mm!0.45!µm!Supor!sample!collected!from!the!surface!oligotrophic!North!Atlantic,!and!Bishop!et!al.!2012!found!17!%!and!45!%!variability!in!particle!loading!on!293!mm!0.8!µm!and!0.45!µm!Supor!filters,!respectively,!collected!from!845!m!in!the!oligotrophic!North!Pacific.!!The!GCM13!sample!used!for!this!exercise!was!a!coastal!sample!from!50m!below!the!base!of!the!euphotic!zone.!!The!lower!variability!observed!here!is!likely!due!to!the!more!
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homogeneous!particle!distribution!at!higher!particle!loadings,!better!particle!distribution!on!0.8!µm!compared!to!0.45!µm!Supor!filters,!improved!filter!holders,!and!possibly!to!better!filter!characteristics!on!142!mm!compared!to!293!mm!Supor!filters.!!The!values!reported!here!can!thus!be!used!as!a!lower!bound!for!subsample/intra:lab!variability!when!examining!digest:specific!and!inter:lab!results.!
!
Digest!and!filter!blank!intercomparison!The!four!participating!labs!returned!data!from!up!to!n=3!sample!replicates!for!each!element!and!digest,!with!two!labs!reporting!results!of!a!single!digest!(Lab!1,!D1!only;!Lab!4,!D2!only)!and!the!other!labs!reporting!results!from!two!digests!(Lab!2:!D1!and!D3;!Lab!3:!D2!and!D3).!!Table!5!presents!the!digest!blank!values!(digest!solution!only;!no!filters)!and!processed!filter!dipped!blank!(GCM45)!group!mean!values!returned!from!participating!labs.!!We!find!that!for!many,!if!not!most,!elements!the!digest!blanks!are!significant!when!compared!to!the!processed!filter!blanks!at!the!subsample!size!distributed!(3.75!cm2).!!For!small!filters!such!as!these,!digest!blanks!may!thus!be!an!important!source!of!signal!and!perhaps!uncertainty!in!low!abundance!measurements.!!Notably,!there!seem!to!be!few!systematic!digest:derived!trends!in!digest!or!filter!blanks,!despite!differences!in!acid!combinations!and!analytical!procedures!utilized!by!the!participants.!!Exceptions!include!filter!blanks!by!digest!D3!for!Zn!and!Cu!which!appear!slightly!elevated.!!Filter!blanks!are!discussed!further!in!discussions!of!the!digests,!but!we!note!that!Cu!has!a!typically!high!sample:to:blank!loading!ratio,!which!obviates!these!concerns.!!Lab!3!reported!elevated!digest!and!filter!blanks!for!several!elements!resulting!from!low!instrument!sensitivity,!difficulties!that!have!since!been!addressed!by!manually!optimizing!the!magnet!alignment!and!increasing!the!middle!argon!pressure!beyond!the!recommended!range.!As!a!potentially!significant!and/or!variable!source!of!signal,!digest!blanks!(or!processed!filter!blanks!that!include!them)!could!significantly!affect!blank:subtractions!or!detection!limits!in!field:relevant!particle!measurements!when!concentrations!are!inherently!unknown.!!Regardless!of!the!ultimate!sources!of!blank!(digest!or!filter),!we!recommend!determining!and!reporting!blank!values!with!
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sufficient!rigor!to!ascertain!both!the!absolute!magnitude!of!blank!corrections!and!the!expected!error!propagation!associated!with!each!element.!!
Sample!results!and!general!trends!Reported!subsample!results!from!all!individual!labs!and!digests!(x̄indiv:!D1:!green!symbols;!D2:!blue!symbols;!D3:!red:orange!symbols;!error!bars:!±1σindiv),#along#with%the%group%mean%(x̄group)!and!group!variability!(+/:!1σgroup!and!2σgroup)!for!each!element!and!sample!are!shown!in!Figure!2.!!Group!variability!values!(RSDgroup=1σgroup/!x̄group,!expressed!in!percent)!are!shown!for!each!element!and!sample!as!numeric!annotations.!!Digest!blanks,!but!not!dipped!filter!blanks,!have!been!subtracted!from!all!displayed!results.!!Elements!are!divided!among!Figures!2a:d!by!their!analytical!behaviors!and!dominant!marine!particle:type!associations:!biogenic:type!elements!(Figure!2a:!Cd,!Co,!Cu,!Mo,!Ni,!P,!Sr,!V)!that!were!highest!in!the!coastal!euphotic!zone!(EZ)!sample!(GCM!17),!lithogenic:type!elements!(Figure!2b:!Al,!Fe,!Ti,!Th)!that!were!highest!in!the!deep!coastal!sample!(GCM!38),!elements!that!fit!neither!trend!(Figure!2c:!Ba,!Mn),!and!near:blank!elements!(Figure!2d:!Cr,!Pb,!Zn)!that!were!never!observed!in!strong!excess!of!the!filter!blank.!!!Across!the!three!samples,!we!observed!a!broad!range!in!particulate!concentrations!for!different!elements!as!was!the!intent!with!the!sample!selection.!!Elemental!concentrations!varied!over!six!orders!of!magnitude!(Figure!3b)!across!all!elements!measured,!and!over!three!orders!of!magnitude!for!some!biogenic!elements!such!as!P!and!Cd,!exhibiting!the!wide!dynamic!ranges!common!to!marine!particulate!composition.!!Group!variability!(RSDgroup)!values!for!all!samples,!averaged!for!each!element,!are!summarized!in!Table!4,!in!increasing!order!of!overall!group!variability.!!Group!variability!for!the!lowest!relative!abundance!and/or!more!contamination:prone!marine!elements!(2d:!Cr,!Zn,!Pb)!are!notably!higher!than!those!with!relatively!low!blanks!and/or!high!sample:to:blank!ratios!(e.g.!Mn,!Cd).!!These!trends,!and!several!digest:!and!lab:specific!trends!are!discussed!further!in!the!Digest!Intercomparison!section.!Group!(inter:lab)!variability!appeared!generally!lower!for!elements!with!higher!sample!loading!and!higher!sample:to:blank!ratios!(RSDgroup,!Figure!2,!numeric!
!! 35!
annotations,!Figure!3d).!!We!were!interested!in!whether!this!effect!is!also!observed!for!individual!lab:reported!sample!replicate!uncertainties!(RSDindiv)!at!higher!loading.!!Individual!replicate!uncertainties!(Figure!2:!error!bars)!and!group!variability!were!uncorrelated!on!their!own!(Figure!3a),!though!uncertainties!appear!to!decrease!when!plotted!as!a!function!of!sample!loading!(3b).!This!trend!is!even!stronger!when!plotted!against!sample:to:blank!loading!ratios,!a!behavior!which!is!also!observed!for!group!variability:!as!the!sample:to:blank!loading!ratio!increases!above!≈10:1,!sample!replicate!and!group!RSDs!generally!approach!and/or!fall!below!10%,!nearer!to!the!observed!GCM13!subsample!variability!of!1:9%!(Figure!3,!open!symbols).!!Increased!analytical!precision!at!higher!loading!should!be!a!relatively!insignificant!portion!of!this!behavior,!so!trends!of!RSD!vs.!sample!loading!suggest!that!blank!determinations,!in!addition!to!any!lab!or!digest!specific!trends!(discussed!further!below)!are!the!key!source!of!inter:lab!variability!across!the!full!concentration!range!of!marine!particles.!!At!the!lower!end!of!loading,!blank!variability—whether!Supor!filter:derived!or!digestion!process:derived—is!almost!certainly!a!key!source!of!error!for!many,!if!not!most,!elements.!!As!mentioned!during!the!discussion!of!digest!and!filter!blanks,!the!degree!to!which!uncertainties!(or!variability)!in!blanks!are!known!will!directly!influence!the!confidence!in!concentrations!for!low:loaded!elements.!Individual!uncertainties!for!several!key!biogenic!and!lithogenic!elements!are!shown!in!Figure!3e!against!sample:to:blank!loading!ratios!(from!within!Figure!3b).!!Many!elements!(Ba,!Cd,!Co,!Cu,!Ni,!P,!Zn),!including!bioactive!and/or!biogenic!particulate!elements,!show!strong!decreases!in!uncertainty!as!blank:relative!loading!increases.!Lithogenic!elements!(Fe,!Th,!Ti,!V)!do!not!show!this!trend!(c.f.!Fig!3e,!Ti),!suggesting!that!variability!in!digest:!or!lab:specific!particulate!recoveries!from!replicate:to:replicate!are!more!important!than!relative!loading!and!filter!blanks!when!considering!lithogenic!particles.!!
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Digest!intercomparison!To!systematically!examine!the!lab:!and!digest:dependent!trends!in!recoveries,!we!calculate!and!plot!z:scores!(the!number!of!standard!deviations!above!or!below!the!group!mean)!for!several!elements!of!note!in!Figure!4.!!Z:scores!are!defined!as:!z:score!=!(xsample!–!x̄group)/!1σgroup!Lab/digest!replicate!uncertainties,!when!available,!are!similarly!normalized,!allowing!lab!replicate!confidence!(error!bars,!Figure!4)!to!be!assessed!relative!to!group!performance:!z:score:error!=!1σsample/!1σgroup!! Generally,!there!appear!to!be!few!systematic!digest:!(D1:!blue,!D2:!green,!D3:!orange:red)!or!lab:related!biases!in!recoveries!from!the!intercomparison!subsamples!(Figure!2),!though!the!exceptions!are!noted!and!discussed!here.!Focusing!more!closely!on!the!near:blank!elements!(Figure!2d),!marine!particulate!Cr!is!not!measureable!due!to!high!Cr!in!Supor!filter!blanks!relative!to!samples!across!all!digests,!a!difficulty!that!was!also!observed!by!Cullen!and!Sherrell!(1999)!on!polycarbonate!filters.!!Lead!and!zinc!concentrations!in!most!samples!were!found!to!be!only!slightly!higher!than!filter!blanks!at!the!loadings!examined!(Figure!2d).!!These!two!elements!appear!to!be!best!determined!using!digest!D1,!which!had!both!the!lowest!and!most!consistent!Pb!and!Zn!blanks.!!Digest!D2!may!be!suitable!for!Pb!(Lab!3::pale!blue!points)!and!possibly!also!for!Zn!(lab!4—dark!blue!points),!but!suffered!from!an!elevated!dipped!blank!for!Zn!in!lab!3’s!D2!results!(pale!blue!points).!!Both!labs!that!used!digest!D3!reported!comparatively!elevated!and!more!variable!filter!blanks!for!Zn!and!Pb,!leading!to!a!higher!detection!limit!for!these!elements.!!Digest!D3!was!also!associated!with!<100%!and!more!variable!Pb!recoveries!(Table!2a)!in!the!lithogenic!CRMs!only.!!Whether!this!is!a!true!digest:related!bias!or!loss,!or!whether!it!is!specific!to!these!particular!CRMs!is!unknown,!as!recoveries!for!BCR!were!generally!quite!good!for!D3.!!Better!constrained!detection!limits!and!recoveries!for!Pb!(and!other!such!elements!that!are!near!the!filter!blank!level)!may!allow!for!suitable!correction!and!thus!determination!of!field!sample!Pb!concentrations,!assuming!detection!limits!and!filter!blanks!are!found!to!be!stable.!
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The!most!noticeable!digest:related!bias!is!that!complete!digestion!of!the!PES!matrix!by!the!piranha!digest!method!(D3!=!piranha!+!D2)!results!in!elevated!Zn!in!the!dipped!blank!filter!(Figure!4,!Zn,!orange!and!red!bars).!!This!filter:associated!Zn!is!concomitantly!seen!as!elevated!Zn!in!the!three!samples!(Figure!2d,!Zn).!!!Subtraction!of!the!elevated!Zn!dipped!blank!values!for!D3!largely!removes!this!positive!bias!from!samples!(not!shown),!but!the!higher!variability!in!Zn!blanks!increases!Zn!detection!limits!for!D3,!making!it!less!suitable!for!low!marine!particulate!sample!loadings!of!Zn,!such!as!many!oligotrophic!euphotic!zone!samples.!!The!ultimate!source!of!elevated!Zn!in!the!D3!digestion!(but!not!in!D2!when!conducted!alone)!is!the!subject!of!conjecture.!!One!possibility!is!that!Zn!associated!with!Supor!filter!manufacture!(either!in!polymer!reagents!or!introduced!via!mechanical!processes)!is!deeply!associated!within!the!PES!polymer!matrix.!!This!Zn!pool!is!only!released!after!complete!PES!matrix!digestion!by!the!D3!method,!but!not!(or!to!a!lesser!degree)!by!cleaning!procedures!or!incomplete!PES!digestions!in!D1!and!D2.!!Another!possibility!is!that!increased!handling!and!procedural!steps!associated!with!the!piranha!digest!allow!more!opportunities!for!Zn!contamination.!Filter:derived!Cr,!by!comparison,!is!present!in!filter!blanks!regardless!of!the!digest!utilized!(and!completeness!of!filter!digestion)!at!a!level!unsuitably!high!for!marine!particulate!Cr!determination.!!Method!D1!appears!to!have!the!lowest!Zn!and!smallest!variability!in!the!dipped!blank!filters,!making!it!the!most!suitable!digestion!method!requiring!low!Zn!detection!limits.!!Method!D2!exhibited!somewhat!intermediate!levels!of!Zn!compared!to!D1!and!D3,!but!inter:lab!variability!and!the!lack!of!intra:lab!replicates!for!this!element!makes!this!difficult!to!confirm.!!For!Zn!(but!not!Pb),!group!variability!decreases!after!dipped!blank!values!are!subtracted!(Table!4),!indicating!that!variation!in!filter!blanks!between!digest!types!is!a!factor!in!Zn’s!high!group!variability.!!!Z:score!plots!for!Fe!and!Mn!(Figure!4)!demonstrate!the!slightly!low!lithogenic:type!elemental!recoveries!for!Lab!1/D1!(dark!green!bars),!but!not!D1!as!a!whole!(c.f.!Lab!2,!D1:!light!green!bars;!also!Table!6b,!Lab!1).!!Agreement!was!improved!when!ICP:MS!drift:correction!was!conducted!using!a!single!mid:mass!(115In)!correction,!rather!than!several!elements!(e.g.!Sc,!In,!Tl)!spanning!the!ICP:MS!method’s!mass!range.!!Why!the!use!of!multiple!mass!drift!correctors!occasionally!
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leads!to!this!discrepancy!between!labs!is!unknown,!though!elevated!concentrations!of!lithogenic!material!in!particulates!can!make!ppb:level!spikes!for!typical!drift:corrector!elements!occasionally!insufficient.!!Element:specific!matrix!effects!due!to!elevated!salt!content!in!marine!particulate!samples,!despite!distilled!water!misting!during!filter!processing,!may!also!be!a!factor!here,!as!greater!sample!dilution!sometimes!improved!recoveries!relative!to!the!group!(not!shown).!!Lab!2!notes!greater!consistency!between!analyses!and!elemental!profiles!when!sample!dilutions,!and!therefore!matrix!effects,!are!at!least!comparatively!consistent.!Higher!recoveries!by!Lab!3!(Figure!4,!V;!Table!6b,!Lab!3)!for!V!and!P!using!D2!were!possibly!due!to!contamination!as!a!result!of!additional!sample!handling!(syringe!filtration)!necessitated!after!PES!filters!fragmented!during!the!D2!digestion.!Clogging!of!ICP:MS!inlet!systems!was!observed!by!several!labs!due!to!PES:polymers!in!solution!and!filter!fragments,!though!careful!control!of!lower!temperatures!during!the!D2!(HNO3/HCl/HF)!digestion!(<105˚C),!or!preventing!filter!immersion!in!acid!(as!in!D1,!which!also!keeps!filter!temperature!slightly!lower!than!that!of!acid!in!bottom!of!vial)!can!minimize!this!phenomenon.!!Lab!2!noted!elevated!recoveries!of!Sr!and!Ba!relative!to!the!group!using!D1!(but!not!D3)!(Figure!4,!Sr!and!Ba)!for!undetermined!reasons.!!This!was!unlikely!to!be!digest:depending!since!Lab!1’s!D1!digest!did!not!show!the!positive!bias.!Across!all!elements!and!within!the!constraints!of!this!intercomparison!dataset,!it!is!difficult!to!assess!whether!individual!labs!or!distinct!digests!showed!any!strong!systematic!biases!in!either!high!or!low!elemental!recoveries!(Tables!6a:6c)!or!replicate!variability!(Table!7).!!Without!additional!participants!and!analyses!of!samples!these!trends!appear!of!borderline!significance,!especially!when!considering!the!broad!range!in!variability!(reported!1SD!errors,!Table!6)!across!many!elements.!!Nevertheless,!most!digest:related!trends!expressed!as!elevated!recoveries!ultimately!appear!to!be!lab:sourced,!rather!than!digest:specific!(e.g.!D2,!which!is!skewed!slightly!higher!due!to!elevated!Lab!3!recoveries;!Table!6a,!b).!!Some!lab:specific!results!(e.g.!Lab!1,!slightly!low!recoveries!for!high!lithogenic!samples)!are!suggestive!of!slight!trends!but!are!not!significant!when!considering!the!amount!variability!present!within!a!small!sample!set.!!With!the!exception!of!Zn!and!possibly!Pb,!the!
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complete!PES!dissolution!accomplished!by!the!piranha!procedure!generated!sample!and!blank!variability!comparable!to!the!other!two!digestion!procedures!(D3,!Table!6b,!7a).!Finally,!we!note!that!for!8!of!17!elements!measured!by!all!labs!(Al,!Ba,!Cd,!Fe,!Mn,!Sr,!Th,!Ti),!group!variability!is!no!more!than!10%!in!excess!of!subsample!variability![Table!4].!!For!all!other!elements!except!for!Zn!and!Pb!(Co,!Cu,!Mo,!Ni,!P,!V),!group!variability!is!no!more!than!18%!in!excess!of!subsample!variability.!!These!results!quantify!the!current!state!of!an!on:going!group!effort!for!marine!particle!composition!intercomparison,!given!the!many!variations!in!digestions,!analytical!procedures,!and!particulate!sample!heterogeneity.!!
Discussion!!Our!intercomparison!suggests!overall!that!the!three!total!particulate!digestion!procedures!tested!(D1,!D2,!D3)!solubilize!similar!pools!of!filtered!marine!particulate!material.!!We!see!no!evidence!that!occlusion!of!particles!in!incompletely:digested!filter!substrate!(e.g.!D1,!D2)!is!a!problem.!!The!Supor!filter!matrix!and!digest!blanks!are!important!sources!of!error!for!several!low!abundance!particulate!metals!(Cr,!Zn,!and!possibly!Pb)!at!the!collection!volumes!and!subsample!sizes!examined!(~1.8:2.7/cm2),!with!the!D3/piranha!digest!presenting!higher!blanks!for!Zn!associated!with!its!completeness!of!PES!filter!dissolution!or!increased!filter!handling!associated!with!the!procedure.!!Selection!of!a!total!digest!procedure!should!thus!be!based!on!whichever!best!suits!the!sample!type,!laboratory!configuration,!and!scalability!requirements!at!hand,!keeping!in!mind!the!pros!and!cons!summarized!below.!Partial!dissolution!or!filter!fragmentation!of!the!PES!matrix!that!are!observed!in!D2!and!occasionally!in!D1!can!generate!small!filter!bits!and!introduce!PES!polymers!into!the!digest!solutions,!especially!at!higher!(>105˚C)!digestion!temperatures.!!These!components!can!make!later!chemical!procedures!difficult!due!to!reprecipitation,!necessitate!additional!sample!manipulations!such!as!filtration,!or!lead!to!clogging!when!samples!are!introduced!by!free:aspiration!into!ICP:MS!instruments!that!lack!forced:loop!inlet!systems.!!Digest!D1!(HNO3/HF),!as!tested,!also!produces!consistently!low!filter!blanks!for!Zn.!!As!a!reflux!method!that!requires!
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filters!to!be!adhered!to!vial!walls,!however,!D1!can!be!difficult!to!conduct!on!larger!filter!subsamples!without!alteration!of!the!procedure,!as!vial!wall!area!is!a!limitation.!Digest!D2!(HCl/HNO3/HF)!is!a!full:submersion!total!digest!that!thereby!addresses!some!of!D1’s!procedural!requirements,!and!which!also!includes!HCl!within!its!acid!mixture.!!This!acid!may!be!helpful!to!certain!elemental!or!particulate!material!recoveries,!but!such!an!effect!was!not!observed!for!the!samples,!CRMs,!and!elemental!suites!tested!here,!consistent!with!previous!results!by!Bowie!(Bowie!et!al.!2010).!!It!may!also!have!a!sufficiently!low!Zn!filter!blank!(e.g.,!see!D2,!Lab!4!in!Figs.!2d,!4)!compared!to!marine!particulate!Zn!loadings.!!When!D2!is!conducted!on!Supor!filters!at!temperatures!>105˚C!(or!without!exacting!temperature!control),!however,!the!acid!mixture!was!observed!to!fragment!the!PES!matrix,!which!can!lead!to!problems!previously!described.!D3,!the!piranha!procedure!followed!by!D2,!resolves!the!PES:associated!problems!caused!by!D1!and!D2!by!generating!a!consistent,!low:organic!(colorless)!sample!matrix!that!is!suitable!for!direct!analysis!or!further!sample!preparatory!or!digestion!procedures.!!It!is,!however,!associated!with!increased!Zn!blanks!relative!to!D1!and!D2!which!seems!to!be!associated!with!the!complete!digestion!of!the!Supor!matrix.!!The!piranha!procedure!utilizes!sulfuric!acid,!which!necessitates!a!longer!sub:boiling!dry:down!if!conducted!in!PFA!vials,!and!may!require!additional!high:heat!dry:down!steps,!usually!brief,!to!ensure!minimal!transfer!of!sulfuric!acid!into!the!sample!matrix,!if!undesired.!!Compared!to!other!complete!PES!digestion!methods!(e.g.!microwave!bomb!digestions,!high!temperature!ashers),!however,!the!piranha!chemical!digest!may!be!more!scalable!for!high!sample!throughput!and!thus!comparatively!easy!to!implement!if!full!removal!of!the!PES!matrix!is!desired!or!required.!!
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Comments.and.recommendations!
! General!recommendations!! We!note!the!potential!for!significant!contributions!from!digest!blanks!at!low!loadings!of!particles!and/or!on!small!filter!subsamples.!!Precise!determination,!monitoring!and!reporting!of!digest!(or!combined!digest:filter)!blanks!thus!appears!critical!when!conducting!measurements!of!large!suites!of!elements!across!field!samples!of!unknown!concentrations.!!More!rigorous!blank!assessments!can!only!improve!measurements!for!elements!which!can!have!low!blank:relative!loadings!(Mo,!Pb,!Zn,!V),!if!only!by!demonstrating!the!degree!of!blank:subtraction!uncertainty.!! Matrix!effects!driven!by!residual!seasalt!or!dissolved!organic!matter,!specifically!matrix:suppression!associated!with!ICP:MS!measurements!of!digest!solution!that!are!diluted!minimally!to!maximize!analytical!signals,!may!not!affect!all!samples!or!elements!evenly.!!It!may!be!prudent!or!necessary!to!analyze!selected!samples!at!multiple!dilutions!to!assess!for!these!effects,!which!are!sometimes!element:specific!and!thus!not!directly!observable!via!selected!drift:monitoring!elements.!!This!recommendation!may!be!especially!important!for!filtered!samples!that!have!not!been!misted!with!deionized!or!distilled!water!to!minimize!salt!retention!during!filter!processing!and!drying.!!It!may!also!be!prudent!to!conduct!standard!addition!checks!to!random!samples!during!the!analytical!processes,!to!verify!that!the!drift:monitoring!strategy!being!used!are!properly!correcting!for!any!matrix!effects!present!in!actual!digest!solutions.!!! Variations!on!piranha!! Several!alternative!approaches!to!the!piranha!digest!procedure!have!been!suggested!to!the!authors!that,!though!not!tested!here!directly,!may!be!useful!in!certain!circumstances.!!Some!digestion!procedures,!such!as!total!digests!using!mineral!acids!including!HNO3!and!HF,!could!be!performed!before!the!piranha!digestion,!though!their!effects!on!the!PES!matrix!would!need!to!be!examined.!!A!more!sparing!volume!of!piranha!reagent!could!later!be!used!to!remove!the!lower!mass!of!remaining!PES!fragments!or!polymers!following!the!total!digest.!!Performing!the!piranha!procedure!first,!however,!as!conducted!here,!has!the!benefit!of!allowing!later!
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dry:downs!associated!with!total!digests!to!further!remove!any!sulfuric!acid!that!remains.!!The!intercomparison!described!in!this!work!utilized!PES!filter!subsamples!that!were!small!enough!to!be!dissolved!using!a!minimal!volume!of!sulfuric!acid,!so!the!difference!between!performing!the!piranha!procedure!before!or!after!the!total!digest,!though!untested,!is!expected!to!be!unimportant!for!our!purposes.!!!! The!piranha!procedure!could!also!be!conducted!in!vials/vessels!with!melting!points!above!the!boiling!point!of!sulfuric!acid!(e.g.!borosilicate!glass,!quartz),!allowing!reagent!drydown!to!be!conducted!at!temperatures!nearer!or!above!that!sulfuric!boiling!point,!thus!obviating!the!need!for!fine:temperature:control!hotplates.!!Clearly,!total!digestions!using!HF!would!not!be!suitable!in!such!vessels,!although!evaluation!of!the!process!blanks!associated!with!non:PFA!containers!would!be!a!useful!additions!to!general!procedural!knowledge,!as!such!containers!are!possibly!suitable!depending!on!digestion!type!and!blank!requirements.!! M.!Lohan!and!A.!Milne!(pers.!comm.)!have!used!a!variation!of!the!piranha!procedure!for!small!Supor!filters!in!which!only!a!few!hundred!µL!of!sulfuric!acid!are!added!initially,!which!absorbs!into!the!PES!matrix.!!A!larger!volume!(1:2mL)!of!hydrogen!peroxide!is!then!added,!and!the!piranha!reagent!that!forms!in!association!with!the!filter!membrane!is!enough!to!destroy!the!PES!matrix!without!additional!peroxide!aliquot!additions.!!This!variation!also!allows!less!sulfuric!acid!reagent!to!be!used,!which!reduces!drying!times.!!In!general,!we!recommend!varying!and!adjusting!the!piranha!procedural!volumes!the!ordinal!use!of!the!piranha!reagents!with!respect!to!other!digestion!processes!to!optimize!specific!sample!or!laboratory!requirements.!! !
!! 43!
!
References.!Anderson,!R.!F.,!M.!Q.!Fleisher,!L.!F.!Robinson,!R.!L.!Edwards,!J.!A.!Hoff,!S.!B.!Moran,!M.!R.!V.!D.!Loeff,!A.!L.!Thomas,!M.!Roy:Barman,!and!R.!Francois.!2012.!GEOTRACES!intercalibration!of!230Th,!232Th,!231Pa,!and!prospects!for!10Be.!Limnol.!Oceangr.!Methods!10:!179–213.!Auro,!M.!E.,!L.!F.!Robinson,!A.!Burke,!L.!I.!Bradtmiller,!M.!Q.!Fleisher,!and!R.!F.!Anderson.!2012.!Improvements!to!232:thorium,!230:thorium,!and!231:protactinium!analysis!in!seawater!arising!from!GEOTRACES!intercalibration.!Limnol.!Oceangr.!Methods!10:!464–474.!Bishop,!J.!K.!B.,!P.!J.!Lam,!and!T.!J.!Wood.!2012.!Getting!good!particles:!Accurate!sampling!of!particles!by!large!volume!in:situ!filtration.!Limnol.!Oceangr.!Methods!
10:!681–710.!Bowie,!A.!R.,!A.!T.!Townsend,!D.!Lannuzel,!T.!A.!Remenyi,!and!P.!van!der!Merwe.!2010.!Modern!sampling!and!analytical!methods!for!the!determination!of!trace!elements!in!marine!particulate!material!using!magnetic!sector!inductively!coupled!plasma–mass!spectrometry.!Analytica!Chimica!Acta!676:!15–27.!Committee,!2.!G.!S.!A.!I.!2010.!Sampling!and!Sample:handling!Protocols!for!GEOTRACES!Cruises.!1–238.!Cullen,!J.!T.,!and!R.!M.!Sherrell.!1999.!Techniques!for!determination!of!trace!metals!in!small!samples!of!size:fractionated!particulate!matter:!Phytoplankton!metals!off!central!California.!Marine!Chemistry!67:!233–247.!Eggimann,!D.!W.,!and!P.!R.!Betzer.!1976.!Decomposition!and!analysis!of!refractory!oceanic!suspended!materials.!Analytical!chemistry!48:!886–890.!GeoReM:!Geological!and!Environmental!Reference!Materials!database,!maintained!by!the!Max!Plank!Institute,!Mainz,!Germany.!!http://georem.mpch:mainz.gwdg.de/!Planquette,!H.,!and!R.!M.!Sherrell.!2012.!Sampling!for!particulate!trace!element!determination!using!water!sampling!bottles:!methodology!and!comparison!to!in!situ!pumps.!Limnol.!Oceangr.!Methods!10:!367–388.!
!! 44!
Figures.and.figure.legends!!
!
Fig.!1.!!Station!locations!along!R/V$Melville!cruise!MV1101!in!the!South!Atlantic!east!of!Argentina!where!intercomparison!samples!were!collected.!!GCM12,!13!and!17!were!collected!at!station!16!(water!column!depth!=!753!m).!!GCM38!and!45!were!collected!at!station!38!(water!column!depth!4952!m).!!!!! !
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FIGURE!2A:!!
!
! !
! ! !
! !!
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Figure!2B:!
! !
! !!!FIGURE!2C:!
!
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FIGURE!2D:!
! !
!!
Fig.!2:!Intercomparison!results!for!all!measured!elements,!digests!and!labs!(ng!per!subsample;!digest!blanks,!but!not!filter!blanks,!have!been!subtracted).!Elements!are!grouped!(2a:!Cd,!Co,!Cu,!Mo,!Ni,!P,!Sr,!V;!2b:!Al,!Fe,!Ti,!Th;!2c:!Ba,!Mn;!2d:!Cr,!Pb,!Zn)!by!distribution!on!filters!and!marine!particle:type!association!which!is!discussed!further!in!the!text.!!Sample!names!(x:axis)!are!as!described!in!Table!1.!!Thick!solid!lines:!group!mean%(x̄group);!thin!solid!lines:!x̄group!±!1σgroup;!broken!lines:!x̄group!±!2σgroup.!!Numeric!annotations:!group!relative!standard!deviation!(RSDgroup!=!1σgroup/x̄group,!expressed!in!percent),!which!generally!decreases!with!increased!particle!loading!(increased!sample:to:blank!ratio).!!Error!bars:!±1σindiv!of!subsample!replicates!for!D1!Lab!1,!D1!Lab!2,!and!D3!Lab!2.!! !
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Figure!3A:!
!!Figure!3B:!
!
!! 49!
Figure!3C:!
! !!Figure!3D:!
!! !
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Figure!3E:!!
!!
!!
Fig.!3:!Increased!particulate!element!concentrations!(“loadings”)!and!increased!sample:to:blank!relative!loadings!are!generally!associated!with!decreased!individual!and!group!uncertainties.!!3a:!group!variability!(RSDgroup)!and!individually!reported!replicate!uncertainties!(RSDindiv)!for!all!elements!and!non:blank!samples!appear!largely!uncorrelated.!!3b!and!c:!Individually!reported!replicate!uncertainties!(RSDindiv)!for!all!elements!and!non:blank!samples!plotted!as!a!function!of!(3b)!reported!sample!loading!(3c)!sample:to:dipped:blank!loading!ratio!(reported!sample!concentration/GCM45!group!mean).!!3d:!Group!variability!(RSDgroup)!for!each!element!and!non:blank!sample!plotted!as!a!function!of!sample:to:dipped:blank!loading!ratio!(group!sample!mean/GCM45!group!mean).!!Open$symbols:!subsample!variability!(intra:lab,!GCM13,!Lab2:D3).!!3e:!Selected!plots!of!key!biogenic!(upper:!Co,!P)!and!lithogenic!(lower:!Fe,!Ti)!element!replicate!uncertainties!from!within!(3c).
!! 51!
!
!
!
!!!
Fig.!4:!Z:score!anomaly!plots!(mean:subtracted!results!normalized!to!group!uncertainty)!for!elements!with!notable!digest:!or!lab:specific!trends.!!Error!bars:!intra:lab!replicate!uncertainties!(1σ,!when!available)!similarly!normalized!to!group!uncertainty.!!Zn:!the!piranha!digest!(D3:!orange!and!red!bars)!is!associated!with!
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elevated!dipped!blank!and!sample!values!for!Zn,!compared!to!lower!values!for!D1!(green!bars)!and!D2!(blue!bars).!!V:!Lab!3,!D2!runs!slightly!high!for!V!(and!P,!not!shown),!possibly!due!to!contamination!associated!with!syringe:filtration!of!the!sample!prior!to!ICP:MS!analysis,!necessitated!by!undigested!PES:polymers!and!fragments!clogging!the!free:aspiration!introduction!system.!!Fe$and$Mn:!Lab!1,!D1!(dark!green!bars)!but!not!D1!itself!(c.f.!Lab!2,!D1:!light!green!bars)!runs!slightly!lower!than!the!group!for!these!and!several!other!lithogenic!elements.!!D:!Sr!and!Ba):!Lab!2,!D1!(light!green!bars)!but!not!D1!itself!(c.f.!Lab!1,!D1:!dark!green!bars)!runs!slightly!higher!than!the!group!for!Ba!and!Sr.!!! !
!! 53!
!
Tables.
.
!
Table!1.!Intercomparison!sample!IDs!with!collection!details!and!brief!descriptions!of!the!expected!particulate!regimes.!EZ:!euphotic!zone.!IC:!laboratory!inter:comparison;!IV:!intra:lab!subsample!variability!test!(Lab!2,!D3).!! !
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Table!2a;c!(preceding!three!pages).!Recoveries!for!certified!reference!materials!by!various!labs!and!digests:!a)!lab!2!using!digest!D3;!b)!lab!4!using!digest!D2;!c)!lab!3!using!digest!D2.!!For!each!CRM,!certified!values!(mg/kg)!with!absolute!(1SD)!and!relative!uncertainties!(RSD,!%)!are!shown,!along!with!recovered!values!and!absolute!uncertainties!(1SD).!!Bold:!recovered!values!and!uncertainties!converted!to!percent!certified!for!summarization!purposes.!!Underlined:!comparisons!to!uncertified!informational!values!from!the!GeoReM!CRM!database![see!references].!!NA:!Not!applicable!(no!certified!or!information!values!for!comparison).!*BCR414!is!CRM414:!“Trace!Elements!in!Plankton”;!a:!10:35mg,!n=6;!b:!n≥5;!c:!n=5!(except!Cr,!Pb;!n=4).!†PACS:1!and!MESS:3!“Marine!Sediment!Reference!Materials!for!Trace!Metals”,!Canadian!National!Research!Council;!a:!10:35mg,!n=5;!b:!n≥5;!c:!n=5!(except!Cd,!Co,!Mo,!Ni,!V;!n=4).!!††RGM:1!is!USGS!rhyolite:derived!glass!mountain!standard;!c:!n=5.!
! !
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!
Table!3:!Expected!loadings!of!suspended!particulate!matter!(SPM)!in!marine!particulate!subsamples!from!select!oceanographic!regions!assuming!typical!SPM!concentrations!*[US!North!Atlantic!GEOTRACES!results,!Lam!et!al.,!in!prep]!and!a!subsample!representing!a!filtered!volume!of!15L.!!For!comparison,!recommended!masses!for!commonly!used!CRMs!are!typically!100:250mg.!!!!! !
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!!
Table!4.!!Data!column!1:!intra:lab!subsample!variability!(Lab!2,!D3)!observed!within!n=5!subsamples!across!a!single!142mm!Supor!filter!(GCM13,!Station!16,!112m!depth).!!Data!columns!2!and!3:!element:specific!group!variability!(mean!RSDgroup)!for!the!three!non:blank!samples!across!all!digests!and!labs,!before!and!after!subtraction!of!lab:!and!digest:specific!dipped!filter!blanks!(GCM45).!Data!column!4:!mean!group!variability!(before!blank!subtraction)!minus!intra:lab!subsample!variability!(data!column!1).!!Data!column!5:!mean!sample:to:filter!blank!loading!ratio!(ng:ng)!for!the!three!non:blank!samples.!! !
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Table!5!(preceding!page).!Digest!blanks!and!dipped!filter!blanks!in!ng!per!vial!for!each!lab!and!digest.!!Filter!blanks!have!not!had!digest!blanks!subtracted.!!Median!and!mean!values!across!all!labs!and!digests!are!also!shown.!Bottom!rows:!mean!digest:to:filter!blank!ratio!(and!standard!deviation)!for!each!of!lab/digest!combinations,!representing!the!“typical”!digest:to:filter!blank!ratio!observed!by!participants!for!a!3.75cm2!“dipped!blank”!filter.!!Italics:!filter!blanks!equivalent!to!digest!blanks.!Bold:!elements!for!which!digest!blanks!are!≥33%!of!the!filter!blank!at!this!subsample!size.!!ND:!not!determined;!BD:!below!detection.!! !
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!!
Table!6A! Mean!z:score,!all!elements;!individual!labs/digests!Lab! Digest! Dipped!Blk!GCM45! EZ!Oligo!GCM38! EZ!Coastal!GCM12! Deep!Coastal!GCM17! All!samples!and!db!(±1SD)!1! D1!! +0.03! !:0.19! !;0.48! !;0.52! !:0.28!±!0.46!2! D1! !:0.15! +0.29! !:0.11! !:0.12! !:0.03!±!0.70!2! D3! !:0.02! +0.13! !:0.14! +0.29! +0.07!±!0.58!3! D2!! +0.09! !:0.12! +0.90! +0.59! +0.36!±!0.56!3! D3! +0.46! +0.12! !:0.11! !:0.20! +0.02!±!0.50!4! D2! !;0.43! !:0.34! +0.04! !:0.01! !:0.19!±!0.73!!!
Table!6B! Mean!z:score,!all!elements;!digests!averaged!Digest! Dipped!Blk!GCM45! EZ!Oligo!GCM38! EZ!Coastal!GCM12! Deep!Coastal!GCM17! All!samples!and!db!(±1SD)!D1!! !:0.31! !:0.07! !;0.51! !:0.31! !+0.16!±!0.60.D2!! +0.47! !:0.21! +0.72! +0.47! +0.11!±!0.63!D3! !:0.18! +0.24! !:0.24! !:0.18! !:0.05!±!0.62!!
Table!6C! Mean!z:score,!all!elements;!labs!averaged.!Lab! Dipped!Blk!GCM45! EZ!Oligo!GCM38! EZ!Coastal!GCM12! Deep!Coastal!GCM17! All!samples!and!db!(±1SD)!1!! +0.03! !:0.19! !;0.48! !;0.52! !:0.28!±!0.46!2!! !:0.09! +0.21! !:0.12! +0.09! +0.02!±!0.61!3! +0.27! +0.00! +0.40! +0.20! +0.19!±!0.68!4! !;0.43! !:0.34! +0.04! !:0.01! !:0.19!±!0.56!!
Tables!6a;6c.!Standardized!recoveries!(mean!z:score!for!all!elements)!for!a:!each!individual!lab/digest!combination;!b:!means!of!the!three!digests;!and!c:!means!of!the!four!labs.!!Digest:related!trends!for!D2!(b)!primarily!indicate!Lab!3’s!elevated!recoveries!for!high!lithogenic!samples.!!Slightly!low!recoveries!for!high:lithogenic!samples!GCM12!and!GCM17!by!Lab!1!(c)!are!of!undetermined!significance!due!to!the!small!size!of!the!study.!!Bold:!six!(a)!or!four!(b,!c)!most!anomalous!values.!! !
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Digest! Mean!RSDindiv!(samples!&!blank)! Mean!RSDindiv!(samples!only)!D1! 10!±!8%!(n=136)! 8!±!6%!(n=102)!D2! ND! ND!D3! 11!±!10%!(n=132)! 9!±!7%!(n=99)!!Lab! Mean!RSDindiv!(samples!&!blank)! Mean!RSDindiv!(samples!only)!1! 8!±!6%!(n=68)! 7!±!5!%!(n=51)!2! 11!±!9%!(n=136)! 9!±!7%!(n=102)!3! ND! ND!4! ND! ND!!
Tables!7a!and!7b.!Relative!uncertainties!of!individual!(replicate)!measurements!associated!with!each!a:!digest,!or!b:!lab.!!Within!the!data!provided,!there!seems!to!be!insufficient!evidence!that!replicate!variability!is!either!digest!or!lab:dependent.!!ND:!no!data!(insufficient!sample!replicates,!or!uncertainties!not!reported).!!
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Chapter!3:!Cycling!of!Lithogenic!Marine!Particulates!in!the!US!GEOTRACES!North!Atlantic!Zonal!Transect!!Daniel!C.!Ohnemus1,2,!Phoebe!J.!Lam2!!1MITMWHOI!Joint!Program!in!Oceanography,!Massachusetts!Institute!of!Technology/Woods!Hole!Oceanographic!Institution,!Woods!Hole,!MA!02543,!USA!2Department!of!Marine!Chemistry!and!Geochemistry,!Woods!Hole!Oceanographic!Institution,!Woods!Hole,!MA!02543,!USA!!*Corresponding!author.!Email:!dan@whoi.edu!
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ABSTRACT!
! In!this!paper,!we!present,!describe,!and!model!the!first!sizeMfractionated!(0.8M51µm;!>51µm)!water!column!particulate!trace!metal!results!from!the!US!GEOTRACES!North!Atlantic!Zonal!Transect!(NAZT)!in$situ$pumping!survey,!with!a!focus!on!the!lithogenic!tracer!elements!Al,!Fe!and!Ti.!!This!examination!of!basinMwide,!fullMdepth!distributions!of!particulate!elements!elucidates!many!inputs!and!processes—some!for!bulk!lithogenic!material,!others!elementMspecific—which!are!presented!via!concentration!distributions,!elemental!ratios,!sizeMfractionation!dynamics,!and!steadyMstate!inventories.!!Key!lithogenic!inputs!from!African!dust,!North!American!boundary!interactions,!the!Mediterranean!outflow,!hydrothermal!systems,!and!benthic!nepheloid!layers!are!described.!!Using!the!most!inert!lithogenic!tracer,!Ti,!we!develop!a!1MD!model!for!lithogenic!particle!distributions,!and!test!the!sensitivities!of!sizeMfractionated!open!ocean!profiles!of!Ti!to!bioticallyMdriven!aggregation,!disaggregation,!and!vertical!particulate!sinking.!!We!discuss!applications!of!this!lithogenic!model!to!particle!cycling!in!general,!and!about!POC!cycling!specifically.!!
1.!INTRODUCTION!In!marine!systems,!lithogenic!particles!are!refractory!assemblages!of!crustallyMderived!minerals!that,!to!first!order,!transit!through!the!water!column!largely!unaltered.!!Lithogenic!particles!are!one!of!three!overarching!classes!of!particles!present!in!marine!systems,!together!with!biogenic$particles!(living!and!dead!organic!matter!and!mineral!skeletons)!and!other!abioticallyMderived!authigenic!
particles!produced!and!cycled!in$situ$(e.g.!Fe!and!Mn!oxides,!barite).!!Lithogenics,!as!a!major!class!of!particulate!matter,!are!typically!not!a!dominant!!component!of!marine!vertical!particle!fluxes!in!much!of!the!open!ocean!(Francois!et!al.,!2002),!far!away!from!lithogenic!inputs!such!as!aeolian!dust!and!lateral!transport!of!continental!margin!sediments.!!The!subtropical!North!Atlantic,!however,!due!to!its!location!
! 66!
beneath!perhaps!the!broadest,!most!intensely!dustMdominated!atmospheric!regimes!on!Earth!(Mahowald!et!al.,!2005),!may!well!be!considered!an!exception!among!marine!particle!regimes:!lithogenics!account!for!between!40M72%!of!the!vertical!sediment!trap!flux!at!productive!margin!systems!near!Cape!Verde!(Ratmeyer!et!al.,!1999),!compared!to!typically!less!than!20%!(and!frequently!less!than!5%)!at!open!ocean!stations!distant!from!aeolian!dust!sources!(Francois!et!al.,!2002).!!The!North!Atlantic,!where!43%!of!annual!dust!deposition!is!estimated!to!occur!(Jickells,!2005),!thus!provides!an!opportunity!to!examine!lithogenic!particle!distributions!and!behaviors!in!a!basin!dominated!by!lithogenic!inputs.!The!inputs,!internal!cycling,!transport,!and!deposition!of!lithogenic!material!could!be!considered!a!marine$lithogenic$cycle!in!its!own!right,!whereby!large!quantities!(1!Pg/year!(Ginoux!et!al.,!2004;!Mahowald!et!al.,!2009)!of!crustal!or!crustalMlike!particulates!cycle!through!the!world!oceans.!!Although!this!material!is!at!least!conceptually!refractory,!it!nonetheless!participates!in!the!biogeochemical!cycling!of!many!trace!elements!by!acting!as!a!source!of!dissolved!trace!elements!from!dissolution,!a!scavenging!surface!for!bioactive!metals,!and!a!ballasting!agent!for!marine!aggregates.!!LongMrange!aeolian!and!subsurface!lateral!(Lam!and!Bishop,!2008)!inputs!of!lithogenic!material!are!of!special!importance!due!to!their!ability!to!deliver!bioMlimiting!micronutrients!directly!to!productive!surface!ocean!ecosystems.!In!this!paper!we!present,!examine,!and!model!the!first!basinMwide,!fullMdepth!zonal!transect!of!marine!lithogenic!material.!!Through!examination!of!three!elements—Al,!Fe,!and!Ti—that!act!predominantly!as!lithogenic!particulate!tracers,!we!find!that!the!lithogenic!cycle!is!more!complex,!and!potentially!interesting,!than!typically!considered.!!Concentration!distributions!of!these!three!elements,!on!their!own,!provide!information!about!aeolian,!lateral/margin,!bottom!resuspension,!and!hydrothermal!inputs,!which!are!major!controls!on!the!basin’s!total!metal!fluxes.!!Lithogenic!tracer!elemental!ratios!are!shown!to!provide!further!insight!into!elementMspecific!alteration!processes!and!siteMspecific!inputs!in!a!manner!that!singleMelement!concentration!profiles!cannot.!The!refractory!nature!of!lithogenic!titanium!and!its!dustMdominated!input!to!the!surface!of!the!N.!Atlantic!subtropical!gyre!presents!an!opportunity!to!model!
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vertical!particulate!distributions!and!thus!examine!dynamic!particle!aggregation/disaggregation/sinking!processes!using!a!relatively!inert!tracer.!!We!present!a!oneMdimensional!particulate!model!that!qualitatively!describes!the!upper!and!midMwater!column!distribution!of!refractory!particulate!metals!in!marine!systems,!and!perform!sensitivity!tests!on!how!variations!in!aggregation,!disaggregation,!and!sinking!rate!constants!affect!the!two!size!fractions!(>51µm;!0.8M51µm)!collected.!!
2.!METHODS!
2.1!Study!Region!
! Particulate!samples!were!collected!at!22!stations!across!the!subtropical!N.!Atlantic!during!US!GEOTRACES!cruises!KN199M04!and!KN204M01!aboard!the!R/V$
Knorr!(Fig.!1).!!Cruise!KN199M04!in!Oct.!2010!occupied!stations!10M01!through!10M12!in!the!eastern!basin.!!Key!stations!(Fig.!1,!annotations)!occupied!included!stn.!10M01!near!Lisbon!and!within!influence!of!the!Mediterranean!outflow,!stn.!10M09!located!200!km!west!of!the!Mauritanian!shelf!break,!and!stn.!10M12!at!the!TENATSO!time!series!site!70km!NE!of!Cape!Verde.!!Cruise!KN204M01!in!OctMNov!2011!occupied!stations!11M01!through!11M24!from!Woods!Hole!to!Cape!Verde.!!Key!stations!occupied!included!seven!pumping!stations!along!Line!W!between!Woods!Hole!and!Bermuda!at!the!BATS!site!(stn.!11M10);!stn.!11M16!at!the!TAG!hydrothermal!site!along!the!midMAtlantic!ridge!(TAG/MAR);!and!a!KN204/KN199!crossMover!station!at!TENATSO/Cape!Verde!(stn.!11M24).!!
2.2!Particulate!Sampling!!The!dataset!described!herein!comprises!seventeen!elements!(Ag,!Al,!Ba,!Cd,!Co,!Cu,!Fe,!Mn,!Nd,!Ni,!P,!Pb,!Th,!Ti,!V,!Y,!Zn)!and!two!particulate!size!classes!(0.8M51µm,!and!>51µm),!though!we!focus!in!this!publication!on!the!predominantly!lithogenic!tracers!Al,!Fe,!and!Ti.!!Particulates!were!collected!via!in$situ!batteryMpowered!pumps!(McLane!WRTMLV),!in!a!modified!dualMflow!configuration!further!described!in!(Committee,!2010;!Lam!and!Morris,!pat.!pending)!as!part!of!the!US!GEOTRACES!North!Atlantic!transects!aboard!the!R/V$Knorr!(cruises!KN199M4,!Oct!
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2010,!stations!10M01!through!10M12;!and!KN204M1A/B,!NovMDec!2011,!stations!11M01!through!11M24).!Stations!(n=22)!were!sampled!typically!at!sixteenMpoint!depth!resolution!over!two!casts!within!ca.!24!hours:!a!shallow!cast!during!which!eight!depths!were!sampled!in!the!upper!1000m!(four!depths!in!the!upper!200m),!and!a!deep!cast!during!which!eight!pumps!sampled!between!1000m!and!the!ocean!floor.!!During!the!2011!cruise,!but!not!the!2010!cruise,!a!12!kHz!pinger!was!attached!to!the!bottom!of!the!hydrowire,!which!allowed!closer!sampling!of!nearMbottom!depths!and!benthic!nepheloid!layers!when!conditions!permitted.!!Pumps!were!deployed!along!a!traceMmetal!hydrowire!(HytrelMjacketed!Vectran)!and,!once!at!depth,!operated!for!four!hours!at!initially!programmed!pumping!speeds!of!8L/min.!!Each!pump!is!configured!with!two!parallel!flowpaths!(“QMA”!and!“Supor”)!each!of!which!filtered!first!through!a!51µm!polyester!preMfilter!(hereafter!the!“large!size!fraction”!or!LSF,!retaining!particles!>51µm),!and!then!through!either!paired!0.8µm!polyethersulfone!(Supor™)!filters!(hereafter!fine,!“small!size!fraction”!or!SSF:!particles!0.8M51µm),!or!paired!quartz!(Whatman!QMA)!filters!(not!discussed!here).!!Both!QMA!and!Supor!flowpaths!were!independently!flowMmetered!to!determine!volume!filtered.!!The!combined!pump!outflow!was!metered!separately!to!ensure!volume!determination!in!the!event!of!a!single!flowmeter!failure!or!lockage.!!Typical!total!volumes!filtered!were!1500M1700L,!with!30%!of!volume!(median:!461L)!passing!via!the!Supor!flowpath!and!the!rest!(median:!1167L)!passing!via!the!QMA!flowpath.!!Filters!and!preMfilters!were!142mm!in!diameter!(126mm!active!diameter),!acidMcleaned!prior!to!use!as!detailed!in!(Committee,!2010),!and!manipulated!in!HEPAMfiltered!clean!environments!using!traceMmetal!techniques.!Immediately!after!pump!recovery,!particles!on!oneMeighth!wedge!subsamples!of!the!QMAMside!preMfilters!(LSF,!mean:!145.9L!seawater!equivalent)!were!rinsed!from!the!polyester!preMfilter!onto!acidMcleaned!25mm,!0.8µm!Supor™!disc!filters!using!0.2µmMfiltered!surface!seawater!from!a!contaminationMfree,!towed!underway!system!(Bruland!et!al.,!2005).!!Primary!Supor!(SSF)!pump!filters!and!the!rinseMtransferred!disc!filters!were!dried!at!room!temperature!in!a!laminar!flow!bench!and!then!stored!in!traceMmetal/particulateMfree!cleanroom!polyethylene!bags.!!Back!in!
! 69!
the!landMbased!laboratory,!a!1/16!wedge!of!the!top!Supor!filter!(representing!the!0.8M51µm!SSF;!mean:!28.9L!seawater!equivalent)!was!excised!using!a!ceramic!rotary!blade!(Cadence!Inc.).!
!
2.3!Analytical!Techniques!!SSF!wedges!and!LSF!discs!were!digested!identically,!in!total,!using!the!(D3,!“piranha”)!procedure!outlined!in!(Ohnemus!et!al.,!in!prep.).!Briefly,!filters!were!first!digested!using!a!sulfuric!acid!and!peroxide!mixture!(piranha!reagent)!at!high!heat!to!digest!particulate!organic!material!and!the!Supor!filter!matrix,!then!remaining!refractory!material!was!digested!using!a!HCl/HNO3/HF!(4N!each)!acid!mixture!at!135˚C!for!4!hours.!!All!digests!were!conducted!in!Teflon!vials!(Savillex).!!Final!digest!material!was!resuspended!in!5%!nitric!acid!for!analysis!via!ICPMMS!(Element!2,!Thermo!Scientific)!at!the!WHOI!Plasma!Facility,!Woods!Hole,!MA.!!Elemental!recoveries!are!good!for!several!certified!reference!materials!using!this!procedure!and!are!presented!in!(Ohnemus!et!al,!in!prep).!!Indium!(10ppb)!was!utilized!as!an!internal!drift!monitor!and!for!matrix/salt!suppression!correction!(typically!<10%).!!Elemental!concentrations!were!standardized!to!external!dilutions!of!a!combined!trace!metal!standard!prepared!with!approximately!crustal!abundances!from!ICP/AA!elemental!standards!in!5%!nitric!acid.!!
2.4!Synchrotron!XMray!Methods!Images!of!intact,!dried!LSF!aggregates!still!on!the!polyester!preMfilters!and!SSF!extended!XANES!TiMspectra!were!collected!via!synchrotron!at!beamline!10.3.2!at!the!Advanced!Light!Source,!Berkeley!CA.!!LSF!images!were!collected!by!µXRF!mapping!using!the!following!collection!parameters:!map!dimensions!varied!between!750µmM2600µm;!scale!bars:!100µm;!beam!energy:!10keV;!pixel!dwell!time:!50ms;!pixel!size:!10µm!x!10µm,!beam!size!ca.!11!x!6!µm.!!SSF!extended!TiMµXANES!spectra!were!collected!by!first!mapping!at!5197!eV!(Ba!L3!minus!50!eV)!to!locate!Ti!“hotspots”!as!in!LSF!maps,!typically!over!a!500!x!500µm!area!of!the!filter.!!Extended!µXANES!were!collected!at!multiple!spots!between!4930!eV!and!5150!eV!(Ti)!or!7006M7412!eV!(Fe)!using!a!beam!size!of!ca.!6!x!6!µm.!!Primary!calibrations!for!
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µXANES!were!to!Ti!and!FeMmetal!foils!(TiMedge!at!4966.40!eV;!FeMedge!at!7110.75!eV)!and!thereafter!to!persistent!internal!beamline!optical!“glitches”!at!fixed!energies.!!
2.5!A!Note!On!Units!and!Plotting!Conventions!! For!ease!of!comparison!to!the!many!dissolved!trace!metals!being!collected!simultaneously!as!part!of!the!GEOTRACES!program,!measurements!of!particulate!metal!concentrations!in!this!paper!are!reported!in!molar!units!(typically!nanomoles!per!L!of!filtered!seawater),!with!metal!ratios!similarly!expressed!as!mole!ratios.!!In!some!cases,!primarily!when!discussing!relationships!to!crustal!material,!units!of!mass!or!mass!ratios!will!be!expressly!mentioned.!!!! In!section!plots!plotted!in!Ocean!Data!View!(Schlitzer,!2013),!the!western!boundary!stations!11M01!through!11M08!(to!the!left!of!the!first!black!dividing!line!between!subMplots!at!the!first!xMaxis!break)!are!plotted!on!a!slightly!enlarged!scale!than!the!rest!of!the!zonal!transect!(stations!11M10!through!11M22,!and!10M12!through!10M09),!and!the!meridional!section!from!Mauritania!to!Lisbon!(10M7!through!10M01).!!This!prevents!the!very!strong!lateral!particulate!gradients!along!the!western!boundary!portion!of!the!transect!from!being!unrealistically!contoured!and!allows!pointMtoMpoint!display!of!actual!particulate!data.!!We!have!also!added!300km!distance!padding!between!the!cruiseMoverlap!stations!at!Cape!Verde!(stns.!10M12!and!11M24)!to!allow!data!from!both!occupations!to!be!viewed!simultaneously.!!Spatial!changes!in!the!western!boundary!lateral!signals!may!be!observed!in!the!depthMbinned!surface!views!(Fig.!8).!!!We!have!used!plotting!settings!that!allow!each!sample!(marked!with!black!dots!in!sections)!to!be!rendered!as!accurately!as!possible!in!its!associated!depth/spatial!range,!with!minimal!smoothing!across!sampling!points.!!!!
3.!RESULTS!
3.1!Dataset!At!A!Glance:!Elemental!Correlations!The!particulate!dataset!as!a!whole!represents!small!size!fraction!(SSF)!and!large!size!fraction!(LSF)!particulate!material!in!344!samples!from!22!oceanographic!
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stations,!typically!at!16Mpoint!depth!resolution.!!We!find!the!highest!lithogenic!concentrations!(e.g.!of!particulate!iron)!associated!with!strong!proximal!inputs!at!continental!margins,!benthic!nepheloid!layers,!and!hydrothermal!systems.!Filtering!out!these!samples!(pFe>7nmol/L)!initially!to!focus!on!the!bulk!of!the!dataset!(leaving!n=309/344!samples),!we!find!numerous!strong!bivariate!correlations!between!particulate!elements!(Table!1).!!Among!the!strongest!positive!correlations!within!fine!particulate!matter!(Table!1a,!underlined,!bold!values,!R>0.85)!are!those!between!elements!that!are!commonly!considered!tracers!of!lithogenic!material:!Al,!Fe,!Ti,!and!232Th;!the!first!three!best!exhibit!the!lithogenic!features!that!will!be!the!major!focus!of!this!paper.!!The!strength!of!these!relationships!across!many!orders!of!magnitude!in!particulate!abundance!(unfiltered!full!dataset,!entire!basin)!is!demonstrated!in!Figs.!2aMc!(note!log!scales),!indicating!the!extensiveness!of!lithogenic!relative!elemental!abundances!and!therefore!lithogenic!particles!themselves,!across!the!entirety!of!the!basin!including!the!deep!interior.!!Deviation!from!these!trends!additionally!describes!several!elementMspecific!phenomena!(2aMc,!annotations;!see!figure!caption)!and!can!indicate!specific!particulate!inputs!and!processes,!features!which!are!investigated!further!herein.!Many!other!elements!exhibit!multiple,!and!strong!(R>0.5x),!bivariate!correlations!to!lithogenic!tracers!in!the!SSF—notably!Nd,!Y,!V,!Mn,!Ni,!and!Pb—and!thus!have!distributions!primarily!described!by!lithogenic!particulates.!Negative!correlations!between!particulate!phosphorus,!which!can!be!considered!a!biomass!indicator,!and!the!lithogenicMlike!elements!in!the!SSF!(Table!1a,!P,!bold!italics)!reflect!the!surface!maximum!of!biological!production!and!biomass!accumulation!contrasted!with!the!relative!minima!of!lithogenic!elements!in!the!upper!water!column.!!We!show!in!the!modeling!section!of!our!discussion!that!the!processes!explaining!these!observations!are!linked!through!nearMsurface!aggregation!and!sinking!of!large!particles.!Bivariate!correlations!within!the!large!size!fraction!(LSF,!Table!1b)!indicate!similarly!strong!internal!lithogenic!relationships!among!Al,!Fe,!Ti!and!232Th.!!Additionally,!strong!biogenic/authigenic!relationships!among!particulate!P,!Co,!Cd,!and!Mn!are!also!observed.!!These!bioticallyMdriven!(PMtoMX)!particulate!relationships!
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are!often!stronger!in!the!LSF!than!the!SSF.!!!The!relative!abundance!of!particulate!organic!matter!is!lower!in!the!SSF!below!the!euphotic!zone!compared!to!the!LSF!(Lam!et!al.!in!prep),!which!may!explain!the!weaker!biogenic!signals!in!the!SSF.!Principal!component!analysis!(PCA)!was!conducted!on!a!subset!of!the!SSF!dataset!for!which!full!elemental!data!are!available!(n=199!of!344!samples).!!Excluded!from!the!analysis!were!the!elements!Ag,!Nd,!Ni,!and!Zn!(which!were!not!analyzed!at!all!stations,!or!which!had!many!samples!below!detection)!and!the!high!abundance!samples!(pFe!>7nmol/L),!as!in!Table!1.!!All!elements!were!first!meanMcentered!and!normalized!to!their!standard!deviations.!!PCA!was!conducted,!in!part,!using!the!“PLS_Toolbox”!for!MATLAB!developed!by!Eigenvector!Research,!Inc.!The!first!five!principal!components!together!explain!91.3%!of!total!dataset!variance!(Fig.!3).!!The!first!component!(50%!of!total!variance)!is!strongly!indicative!of!lithogenic!material,!since!it!describes!>85%!of!the!variances!for!known!lithogenic!tracers!Al,!Fe,!Ti!and!232Th,!and!>50%!of!variances!for!V,!Y,!and!>60%!for!Pb.!!The!second!principal!component!(18.0%!of!total!variance)!describes!what!is!primarily!biogenic!particulate!variability!associated!with!P,!Co,!Cd,!and!Mn!distribution!patterns.!!The!third!component!largely!describes!Ba!and!Cd,!which!share!subsurface!maxima!features!beneath!high!productivity!margin!stations.!!The!distributions!and!variations!within!the!biogenic!and!authigenic!tracers!(components!2!and!3)!are!the!subjects!of!a!separate!publication!(Ohnemus!and!Lam;!in!prep).!!Further!principal!components!typically!describe!remaining!variance!that!is!largely!element!specific:!the!fourth!mostly!describes!particulate!Cu!variance,!highlighting!the!unique!nature!of!this!element;!the!fifth!describes!Mn!and!Pb!variances,!which!have!been!previously!implicated!in!coMtransport!via!MnMoxides!(Boyle!et!al.,!2005;!Sherrell!and!Boyle,!1992).!!
3.2!General!Oceanic!Distribution!of!Lithogenic!Particles!! Concentration!sections!of!the!primary!lithogenic!tracers!(Al,!Fe,!Ti)!are!presented!in!Fig.!4!for!the!small!size!fraction.!!Considering!the!strong!degree!of!elemental!correlation!previously!described,!the!overarching!views!illustrated!by!sections!of!particulate!Al,!Fe!and!Ti!are!unsurprisingly!quite!similar,!though!several!
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inputs!and!processes!are!more!notable!in!specific!elements.!!Highest!lithogenic!concentrations!by!several!orders!of!magnitude!(see!Fig.!4,!caption!for!absolute!amounts)!were!observed!in!active!benthic!nepheloid!layers!(BNL)!when!these!layers!were!successfully!sampled!at!both!western!and!eastern!margins.!!Lowest!overall!lithogenic!concentrations!were!observed!in!the!euphotic!zone!(0M200m!depth)!at!nearly!all!stations,!with!surface!or!nearMsurface/deep!chlorophyll!max!(DCM)!minima!that!are!especially!pronounced!in!the!subtropical!gyre!(stns.!11M12!through!11M22!and!10M05;!typically!<600pM!Fe,!SSF).!!These!low!surface!concentrations—and!the!frequent!absence!of!any!mixed!layer!lithogenic!maximum!that!would!normally!be!considered!evidence!for!aeolian/dust!inputs—are,!we!will!show,!not!in!conflict!with!general!understanding!of!the!North!Atlantic!as!strongly!influenced!by!aeolian!deposition,!as!also!proposed!by!Dammshaüser!et!al.!(2013).!!!MidMwater!column!(500M3000m)!lithogenic!inventories!are!elevated!nearer!the!continental!margins!compared!to!the!corresponding!open!ocean!loads.!!In!the!eastern!basin,!high!lithogenic!loads!are!observed!between!Cape!Verde!and!Mauritania!beneath!the!Saharan!dust!plume!(stns.!10M09!through!10M12;!and!11M24)!and!near!Lisbon!(stn.!10M01)!within!influence!of!the!Mediterranean!outflow.!!In!the!western!basin,!stations!along!oceanographic!Line!W!from!Cape!Cod!to!Bermuda!(stns.!11M01!through!11M10)!show!elevated!lithogenic!concentrations!associated!with!boundary!current/shelf!interactions!along!the!North!American!continent.!!Hydrothermal!inputs!near!the!midMAtlantic!ridge!system!(MAR)!are!most!evident!in!the!Fe!sections.!!Elevated!pFe!loads!were!observed!within!the!neutrallyMbuoyant!hydrothermal!plume!sampled!near!the!TAG!hydrothermal!site!(stn.!11M16;!up!to!46nM!pFe!at!3300m).!Size!partitioning!between!the!LSF!(>51µm)!and!SSF!(0.8M51µm)!size!classes!are!comparable!for!all!three!lithogenic!tracers,!a!section!of!which!is!presented!for!Fe!in!Figure!5!(LSF/Total).!!With!few!exceptions,!below!ca.!500m!lithogenic!particulates!are!predominantly!(80M90%)!observed!in!the!SSF!(Fig.!5).!!Lithogenic!LSF!relative!abundances!are!consistently!highest,!however,!near!the!ocean!surface,!where!50M80%!of!lithogenic!material!partitions!into!the!LSF!between!the!mixed!layer!and!200m,!decreasing!to!25M40%!between!200M500m!depth,!and!then!5M15%!
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below.!!Micro!xMray!fluorescence!(µXRF)!images!(Fig.!6)!of!LSF!particles!from!a!range!of!depths!at!stn.!10M09!(and!stn.!10M11!and!10M12,!not!shown)!along!the!MauritaniaMCape!Verde!portion!of!the!transect!visually!demonstrate!that!lithogenic!particles!in!the!LSF!are!due!to!nearMsurface!packaging!of!micronMsized!aeolian!particles!into!large!(>51!µm)!marine!aggregates,!and!not!large!(>51!µm)!lithogenic!particles.!!!!
4.!Discussion!We!begin!our!discussion!by!examining!the!different!regional!particulate!inputs!notable!in!the!lithogenic!concentration!and!ratio!sections.!!We!then!examine!several!of!the!elementMspecific!behaviors!and!sizeMfractionation!processes!observed!in!the!transect.!!Finally,!we!present!a!1MD!aggregation/disaggregation/sinking!model!that!describes!upper!and!midMocean!particulate!dynamics!as!illustrated!by!the!relatively!inert!particulate!lithogenic!tracer!titanium.!
!
4.1!Bulk!Input!Composition!Ratios!Many!surface,!midMwater,!and!benthic!distribution!features!are!more!obvious!in!ratio!sections!of!the!tracers!(Fig.!7!aMf),!which!also!serve!to!illustrate!regions!influenced!by!various!particulate!inputs.!!Elevated!elementMspecific!inputs!or!particulate!accumulation!processes!(such!as!scavenging!from!dissolved!phases!and!active!biological!uptake)!show!as!warm!colors!in!plots!where!that!element!is!the!numerator.!Over!such!large!spatial!scales,!one!may!expect!the!water!column!to!act!as!a!lithogenic!particle!integrator,!wherein!ratios!expressed!across!a!basinMwide!section!indicate!bulk!composition!of!dominant!annual!or!interMannual!lithogenic!inputs.!!Key!crustal!ratios!are!indicated!as!scaleMbar!annotations!in!Figure!7!(caption),!from!several!commonly!cited!references!of!crustal!composition.!!Ratios!measured!in!African!dust!sampled!near!Cape!Verde!and!digested!for!total!elemental!composition!(data!from!R.!Shelley,!and!W.!Landing,!pers.!comm.)!are!also!included!(“AD”)!for!comparison.!!Notably,!no!single!crustal!estimate!(dust,!UCC,!or!BCC)!explains!all!three!tracer!ratios!consistently,!emphasizing!that!elementMspecific!in$situ$behaviors!(namely!Al!scavenging,!Fe!biotic!uptake!and!scavenging,!and!differential!Ti!
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compositions)!can!effect!significant!departure!of!marine!particulate!ratios!from!mean!crustal!abundances,!assuming!those!abundances!do!act!as!appropriate!bulk!particulate!input!endMmembers.!!Titanium!ratio!sections!(Fig.!7c,!7f)!highlight!variation!in!crustal!input!composition,!as!titanium!is!a!more!minor,!and!thereby!variable,!component!of!continental!minerals!than!Al!or!Fe!(Ti:!0.72!%wt.!of!bulk!continental!crust/BCC,!versus!Al:!15.9!%wt.!and!Fe:!6.7!%wt.;!Rudnick!and!Gao,!2003).!!Sections!across!the!North!Atlantic!demonstrate!differences!in!input!dominance!between!sites!primarily!influenced!by!African!dust!(“AfDust”)!versus!those!primarily!influenced!by!the!North!American!boundary!particulates!(“NAm”)!or!the!MedMoutflow!(“Med”).!!Bulk!particulate!input!variations!are!also!notable!in!the!Ti/Al!section,!wherein!open!ocean!stations!between!CV!and!Bermuda!exhibit!ratios!largely!reflective!of!African!Dust!(“AfDust”)!lithogenic!inputs!(Ti/Al!between!0.037M0.045),!while!nearMshelf!stations!influenced!by!N.!American!margin!particulates!(“NAm”)!possess!generally!lower!Ti/Al!ratios!(0.028M0.040)!better!described!by!bulk!continental!crust.!Lithogenic!source!variability!is!especially!notable!in!the!Fe/Ti!ratio!distributions!(cf.!Figs.!7b,!7f!vs.!7c,!7g)!where!relative!enrichment!in!Ti!abundance!near!Cape!Verde!seems!to!drive!subMsurface!(>300m!depth)!local!deficits!in!the!Fe/Ti!ratio.!!Similarly!striking!elevated!ratios!are!seen!in!relative!abundances!of!particulate!iron!in!the!deep!midMbasin!(Figs.!5a;!7aMb;!7dMe),!reflecting!midMAtlantic!ridge!(MAR)!hydrothermal!(“HT”)!inputs,!likely!of!fine!FeMoxyhydroxides,!which!appear!to!influence!midMwater!composition!ratios!many!hundreds!of!kilometers!away!from!the!ridge!system.!!Aluminum!ratio!sections!(Figs.!7a,!7d)!demonstrate!boundary!and!depthMdependent!scavenging!of!this!metal!(“SCAV”)!near!the!continental!margins,!especially!in!the!SSF,!and!elevated!concentrations!in!MedMoutflow!lithogenic!particulates!(“MED”),!benthic!nepheloid!layers!(BNL)!along!the!western!boundary,!and!the!upper!500!m!along!line!W!perhaps!in!association!with!detached/intermediate!shelf!nepheloid!layers.!!Elevated!Al/Fe!ratios!in!the!western!portion!of!the!section!may!also!be!in!association!with!boundary!currentMassociated!
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resuspension!of!old!(UCCMlike)!N.!American!crustal!material!(Lisitzin,!1972;!Moran!and!Moore,!1991)!which!has!an!elevated!Al!content!(“UCCT”).!!Elevated!particulate!iron!ratios!are!also!observed!in!surface!waters!in!the!SSF,!but!less!so!in!the!LSF,!which!we!hypothesize!is!associated!with!active!biological!accumulation!and!recycling!of!Fe!primarily!in!small!organisms!(“BIO”,!Fig.!7b!and!7e).!!Fe/Ti!ratios!near!the!surface!are!generally!higher!(at!or!above!african!dust!ratios)!in!the!SSF!than!LSF,!indicating!that!biological!uptake!and!recycling!of!Fe!as!a!micronutrient!occurs!primarily!within!these!fine,!biogenic!particles.!!Notably!absent!from!the!particulate!concentration!and!ratio!plots!are!any!readily!apparent!influences!of!the!African!oxygen!minimum!zone!(OMZ),!located!in!the!200M1500m!depth!range!between!Cape!Verde!and!Mauritania.!!Significant!OMZMassociated!concentration!maxima!are!observed!for!many!dissolved!trace!metals!and!macronutrients!due!to!remineralization!sources!and!increased!residence!times!at!low!oxygen!concentrations!(e.g.!Noble!et!al.,!2012;!Fitzsimmons!et!al.!2013).!!Elevated!dissolved!Fe!in!the!OMZ!(Fitzsimmons!et!al.,!2013)!might!be!expected!to!precipitate!as!Fe!oxyhydroxides!in!the!strong!oxygen!gradients!both!above!(200m)!but!especially!below!(1000M1500)!the!OMZ.!!There!is!little!evidence!for!this!in!the!Fe:Ti!ratios!(Figs.!7b,!7e),!however,!as!the!high!flux!of!lithogenic!material!in!this!region!from!African!dust!appears!to!mask!any!such!signal,!at!least!in!the!particulate!totals!presented!here.!!An!increase!in!the!weakMleachable!fraction!of!Fe!or!other!scavengable!metals!may!be!expected!within!these!oxygen!gradients,!but!such!signals!will!be!present!against!a!background!of!the!elevated!local!lithogenic!loads!associated!with!African!dust!and!thus!may!be!very!slight.!!
4.2!Benthic!Nepheloid!Layers!Benthic!nepheloid!layers!(BNLs)!are!notable!in!this!dataset!for!the!extremely!high!concentrations!of!lithogenic!particles!observed.!!Western!margin!BNLs!were!observed!at!4!of!7!stations!between!Woods!Hole!and!Bermuda!(3!of!which!were!successfully!sampled)!and!were!found!to!extend!nearly!1000m!off!the!ocean!bottom!in!the!case!of!the!BNL!at!BATS!(stn.!11M10;!Fig.!4).!!Prior!ocean!surveys!of!marine!particle!distribution!including!the!LDGO!Nephelometry!survey,!GEOSECS!and!the!
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HEBBLE!program!(Gardner!et!al.,!1983)!identified!and!quantified!BNLs!using!nephelometry,!bottle!filtration,!and!sediment!traps.!!They!noted!the!great!intensity!of!BNLs!on!the!western!margin!(Biscaye!and!Eittreim,!1977),!and!postulated!the!importance!of!benthic!isopycnal!structure!in!constraining!BNL!vertical!extent!(Brewer!et!al.,!1976).!!We!observed!concentrations!of!particulate!Fe!in!westernMbasin!nepheloid!layers!that!approached!the!micromolar!level!(pFetotal!=!973nM,!stn.!11M04),!nearly!three!orders!of!magnitude!greater!than!the!mean!midMwater!column!(1000M3000m,!open!ocean)!pFe!concentrations!of!1nM.!!The!extreme!concentration!variability!of!nearMbottom!lithogenics!over!several!orders!of!magnitude!are!also!shown!in!Figure!10d!using!particulate!Ti!as!an!indicator.!We!note!key!chemical!differences!between!eastern!and!western!boundary!BNL!particulates,!which!likely!reflect!different!underlying!sedimentary!redox!states!resulting!from!different!water!column!structures!and!the!overlying!productivity!regimes.!!The!only!eastern!boundary!BNL!successfully!sampled!during!the!2010!cruise!(no!altimeter!or!pinger!was!present!to!determine!wire!distance!above!bottom)!was!located!at!stn.!10M09,!200km!from!the!Mauritanian!coast!and!beneath!the!strongest!segment!of!the!Saharan!dust!plume!(Mahowald!et!al.,!2009).!The!Mauritanian/eastern!BNL!was!most!notable!in!its!strong!enrichment!in!particulate!iron!(and!manganese,!not!shown)!evident!relative!to!Ti!in!Fig.!7b!(“BNL!10M09”)!compared!to!the!overlying!midMwater!column!particles,!indicative!of!a!reducing!sedimentary!source!of!dFe!and!dMn.!!Reprecipitation!of!these!metals!nearer!the!sedimentMwater!interface!or!in!the!overlying!water!column!leads!to!authigenic!oxide!formation,!which!enriches!pFe!and!pMn!concentrations!in!suspended!matter!relative!to!Ti.!This!chemical!distinction!reflects!the!BNL’s!location!beneath!the!Mauritanian!upwelling!system!and!the!associated!high!productivity!(Carr,!2001)!and!flux!(Ratmeyer!et!al.,!1999)!of!organic!carbon,!creating!benthic!conditions!amenable!to!sustained,!suboxic!sedimentary!diagenesis.!!BNL!lithogenic!ratios!along!the!western!margin,!by!comparison!(Fig.!7,!BNLs!11M04/M08/M10),!do!not!show!notable!relative!Fe!or!Mn!enrichment!compared!to!overlying!particles,!and!may!even!be!slightly!Fe!poor!(cf.!BNL!11M08,!Fig.!7b)!relative!to!Ti.!!This!contrasts!with!previous!observations!of!Fe!excesses!in!North!Atlantic!
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BNLs!(Lambert!et!al.,!1984)!that!were!calculated!using!fixed!Al:Fe!mass!ratios!of!2:1!(Al:Fe!mole!ratio!of!4:1;!cf.!Fig.!7a:!lower!ratios!would!indicate!Fe!excesses).!!Our!data!show!little!evidence!for!Fe!excess!in!the!BNLs,!especially!in!comparison!to!most!of!the!rest!of!the!water!column!(Figs.!7a,b).!Lambert!et!al.!also!observe!no!Mn!excess!at!GEOSECS!stn.!120!(their!closest!reported!station!to!our!transect;!near!our!station!11M14)!and!only!slight!Fe!enrichment!there!(13%).!!The!extremely!high!lithogenic!concentrations!observed!in!westernMboundary!BNLs!may!indicate!that!continued,!presumably!turbulent,!resuspension!of!the!large!amounts!of!sedimentary!material!necessary!to!sustain!such!intense!BNLs,!is!precluding!(or!masking,!via!large!mass!inputs)!any!reductive!sedimentary!processes!and/or!authigenic!oxide!formation,!should!either!be!present.!Most!open!ocean!stations!between!CV!and!Bermuda!exhibit!decreases!in!the!SSF!Ti/Al!ratio!near!the!ocean!floor!(typically!Ti:AlSSF!≤!0.035,!compared!to!overlying!ratios!≥!0.035),!regardless!of!whether!a!benthic!nepheloid!layer!was!observed!at!the!time!of!sampling.!!These!nearMbottom!ratios!may!represent!both!proximal!and!distal!effects.!!Proximal!effects!may!include!sedimentary!release!of!dAl!during!diagenesis!and!in$situ$scavenging!onto!local!suspended!particulates,!enhanced!scavenging!rates!of!dAl!because!of!higher!nearMbottom!particle!loads!in!the!case!of!nepheloid!layers!(Rutgers!van!der!Loeff!and!Boudreau,!1997),!or!local!resuspension!of!AlMenriched!sediments!(Murray!and!Leinen,!1996).!Distal!influences!potentially!include!farMfield!suspended!lithogenic!signatures!associated!with!deep!water!masses,!including!AABW!and!NADW,!and!any!initial!and/or!acquired!signatures!of!suspended!particles!therein!(Diekmann!et!al.,!2004;!Petschick!et!al.,!1996).!Slight,!but!notable!increases!in!lithogenic!LSF!relative!abundance!near!the!ocean!bottom!in!association!with!lithogenic!maxima!at!eastern!basin!stations!could!alternatively!(or!additionally)!indicate!in$situ!particle!aggregation!occurring!near!the!ocean!bottom!(cf.!Figs.!4!and!5,!stns.!11M20!through!11M24,!10M05,!and!10M07;!increasing!litho.!concentrations!and!LSF!partitioning!from!≤25%!LSF!midMwater!column!to!25M35%!LSF!nearMbottom).!These!weak,!nearMbottom!nepheloidMlike!signals!are!likely!more!prevalent!in!the!open!ocean!than!the!charismatic,!particleM
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dense,!boundaryMassociated!BNLs!observed!nearer!the!margins,!and!may!involve!fundamentally!different,!subtler!water!column!resuspension!and!particulate!dynamics!(McCave,!1983).!!McCave!noted!a!2M!to!3Mfold!increase!in!coarse!mode!particulates!(measured!by!Coulter!Counter!over!a!1.26M32!µm!size!range)!up!to!500!meters!above!bottom!(m.a.b.)!near!the!Nova!Scotian!continental!rise,!even!at!relatively!quiescent!stations.!!He!attributed!these!nearMbottom!coarse!mode!excesses!to!a!mixture!of!resuspended!coarseMmode!particles!(primarily!<250!m.a.b.,!particles!which!resisted!ultrasonic!disaggregation)!and!temporal!variation!in!verticallyMsourced!large!aggregates.!!Our!observation!of!a!relative!increase!in!>51µm!(LSF)!lithogenic!aggregates!>500mab!at!otherwise!quiescent!stations!is!thus!somewhat!unexpected.!!Though!untested,!our!>51µm!LSF!aggregates,!would!not$be!expected!to!resist!ultrasonic!disaggregation,!as!most!lithogenic!material!itself!is!<51µm.!!We!assume!that!horizontal!inputs!of!LSF!material!are!not!significant!at!these!sites,!and!hypothesize!that!nepheloid!resuspension!is!insufficient!to!place!>51µm!material!>500!m.a.b.!!We!observe!this!feature!at!multiple!stations!in!the!open!ocean,!so!in!the!absence!of!linked!variability!in!surfaceMsourced!aggregates!at!multiple!stations,!we!must!implicate!in$situ$aggregation!of!SSF!material!into!the!LSF!and/or!increased!LSF!residence!times!of!vertically!sourced!material!nearer!the!ocean!bottom!to!explain!the!increase!in!relative!LSF!aggregate!abundances!>!500!m.a.b.! !
4.3!Unique!Ti!Mineralogy!Near!Cape!Verde!! Subsurface!particulates!collected!near!the!Cape!Verde!islands!were!especially!high!in!Ti!content!(Fig.!7c,!7f;!“CV”;!stns.!10M10!through!10M12,!400M800m!and!2000M4000m)!which!we!suspected!represented!proximal!dust!or!lateral!inputs!of!TiMrich,!basaltic!minerals!from!the!Cape!Verde!Islands!hotspot.!!We!examined!the!TiMmineralogy!of!several!SSF!marine!particles!samples!and,!for!comparison,!an!aerosol!sample!of!African!dust!collected!on!the!same!cruise.!!Two!marine!particulate!samples!collected!near!Cape!Verde!(stn.!10M12,!800m!and!2000m)!and!two!marine!particulate!samples!dominated!by!African!continental!inputs!near!Africa/Mauritania!(stn.!10M09,!800m!and!2000m)!were!compared!with!an!AfricanMdominated!aerosol!
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sample!also!collected!near!stn.!10M09!(provided!by!R.!Shelley!and!W.!Landing)!using!extended!micronMscale!xMray!absorption!nearMedge!spectroscopy!(µXANES)!across!the!Ti!KMedge!(4980!eV)!at!the!Advanced!Light!Source!(ALS,!beamline!10.3.2).!!We!compared!the!TiMspeciation!multiple!Ti!“hotspots”!in!these!samples!to!a!small!(n=6)!but!diverse!library!(Fig.!8a)!of!TiMbearing!minerals!previously!collected!at!the!beamline!(M.!Marcus,!pers.!comm.).!!The!library!consisted!of!the!TiMoxides!(TiO2)!rutile!and!anatase,!and!the!common!TiMbearing!mineral!phases!ilmenite!(Fe2+TiO3),!biotite!(a!mica),!and!augite!(a!pyroxene/silicate).!!!Extended!XANES!spectra!were!collected!for!n=10M12!Ti!“hotpots”!per!sample.!!The!preMedge!subtracted!and!normalized!spectra!were!then!fit!using!a!linear!combination!of!up!to!3!model!compounds!from!the!mineral!library!to!determine!the!relative!composition!for!each!spot.!!The!modelMfit!relative!abundances!were!summed!over!all!spots!to!produce!an!overall!composition!estimate!for!each!sample,!with!the!caveat!that!each!spot!was!weighted!equally!regardless!of!spot!intensity.!Good!model!fits!(sum!of!squared!residuals!<!7x10M4)!were!observed!for!the!nearMAfrica!(stn!10M09)!marine!and!aerosol!samples!using!the!mineral!library!alone.!!These!samples!were!primarily!mixtures!of!the!TiMoxides!anatase!and!rutile,!with!smaller!contributions!of!ilmenite!(FeTiO3)!and!biotite!(mica)!(Fig.!8b).!!Excellent!compositional!agreement!between!the!stn.!10M09,!800m!marine!sample!and!the!African!dust!sample!confirm!that!aerosols!or!aerosolMlike!mineral!assemblages!are!the!main!source!of!Ti!to!the!water!column!in!the!region!just!off!the!African!coast.!!The!deeper!(stn.!10M09,!2000m)!African!marine!sample,!which!potentially!expresses!influence!from!lateral!slope/margin!sediments!(Conway!and!John,!in!prep),!lacked!the!ilmenite!and!mica!components!found!in!the!aerosol!sample!and!the!800m!water!column!sample.!!Instead,!a!corresponding!increase!in!relative!rutile!composition!was!observed,!indicating!that!water!column!or!sedimentary!diagenetic!processing!of!TiMbearing!minerals!may!have!occurred.!!Fe2+!present!in!ilmenite!can!be!diagenetically!removed!either!reductively!or!oxidatively,!leaving!behind!a!rutile!matrix!(Morad!and!Aldahan,!1986).!!A!separate,!lateral!source!of!rutileMrich!lithogenic!material,!perhaps!from!margin/slope!sediments,!is!also!a!possibility.!
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! On!its!own,!the!Ti!mineral!library!did!a!poor!job!(bad!model!fits,!sumMofMsquared!residuals!>!104)!fitting!spectra!of!Cape!VerdeanMinfluenced!marine!particulates.!!Inclusion!of!an!otherwise!unidentified!but!distinct!TiMXANES!spectrum!that!was!frequently!observed!in!the!Cape!Verdean!samples!(8.!9a,!“GT6058,!CV!Mineral”)!as!a!library!endMmember,!however,!significantly!improved!model!fits.!!The!apportionment!ascribed!to!this!unknown!mineral!exceeds!50%!in!marine!sample!near!CV!(stn!10M12,!800m),!and!approaches!20%!in!the!deeper!(stn.!10M12,!2000m)!CVMinfluenced!sample.!!The!Cape!Verde!Islands!(CVI)!and!associated!plateau!are!geologically!sourced!from!a!mantle!hotspot!and!are!thereby!rich!in!fresh!basaltic!minerals.!!Many!mantle!hotspots,!including!Cape!Verde,!have!elevated!and/or!highly!variable!Ti!rock!content!(Ti:Al!=!~0.5!by!wt.;!Davies!et!al.,!1989;!Prytulak!and!Elliott,!2007)!compared!to!the!well!weathered!continental!material!present!in!Saharan!aerosols!(Ti:Al!~0.07!by!wt.;!Stuut,!2005).!!TitanoMmagnetite!and!titanoMmaghaematite!are!two!notable!TiMrich!FeMoxides!often!found!in!such!basaltic!mineral!assemblages!that!are!notably!absent!from!our!spectral!library!and!may!be!considered!candidates!for!this!material.!!Comparison!of!our!unidentified!CV!spectrum!to!TiMspectra!for!these!and!other!common,!TiMrich!minerals!could!aid!in!their!identification!in!the!water!column.!Regardless!of!the!exact!mineral!identification,!surface!(aeolian)!and/or!subsurface!(lateral)!erosion!of!the!CVI!plateau!are,!together,!leading!to!a!pointMsourceMlike!water!column!resuspension!of!TiMrich!lithogenic!material.!!This!may!be!true!for!other!ocean!island!hotspots!as!well,!including!Hawaii,!Samoa,!Iceland,!and!the!Galapagos,!which!have!modern!magma!sources!known!to!be!TiMrich!(Jackson!et!al.,!2008).!!We!are!unable!to!determine!specifically!whether!dust!or!lateral!inputs!of!CVMsourced!lithogenic!particles!are!the!ultimate!source!of!this!TiMrich!material,!though!we!note!that!the!LSF!possesses!strikingly!higher!Ti:Al!ratios!than!the!SSF!(Fig!7c,!f).!!If!this!indicates!the!TiMrich!endMmember!is!found!in!greater!relative!abundance!in!the!LSF,!an!ultimate!dust!source!appears!more!likely:!surfaceMpackaged!LSF!aggregates!should!reflect!local!dust!inputs!more!directly,!as!discussed!further!in!our!model,!while!the!SSF!would!represent!a!grander!mixture!of!CV!and!
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AfricanMsourced!dust.!!An!ultimate!lateral!input,!by!comparison,!would!be!expected!to!impart!a!stronger!(TiMrich)!SSF!signal!than!LSF,!which!is!not!observed.!Away!from!CV,!elevated!Ti/Al!ratios!in!LSF!and!SSF!particles!were!observed!at!occasional!depths!between!0M500m!at!open!ocean!stations!11M16!through!11M20,!and!may!reflect!recent,!episodic,!or!interMannual!variation!in!inputs!of!TiMrich!dust.!!If!so,!African!dustMgenerating!regions!with!elevated!Ti/Al!ratios!(Stuut,!2005)!are!more!likely!to!be!the!source!of!the!TiMrich!dust!than!CV!itself!due!to!Africa’s!greatly!dominant!dust!generating!capacity.!
!
4.4!Hydrothermal/MAR!Inputs!Hydrothermal!systems,!though!not!traditionally!lithogenic!in!nature,!are!nevertheless!a!significant!source!of!particulate!Fe!directly!into!the!submarine!water!column.!!XMray!Absorption!Near!Edge!Spectroscopy!(XANES)!of!a!SSF!sample!from!3300m!in!the!TAG!hydrothermal!plume!at!station!11M16!showed!that!fine!particulate!Fe!spectra!were!dominated!by!6Mline!ferrihydrite!(not!shown).!!Note!that!since!the!particulate!samples!were!dried!and!stored!at!room!temperature!for!~10!months!prior!to!analysis,!oxidation!of!potential!nanoMscale!pyrite!in!the!sample!(Yücel!et!al.,!2010)!could!have!occurred,!but!previous!work!has!shown!that!micronMsized!pyrite!is!stable!in!particulate!samples!stored!under!these!conditions!(Lam!et!al.,!2012).!We!observe!FeMenrichment!of!SSF!particles!in!the!2000M3000m!depth!range!throughout!the!western!gyre!(Fig.!4b,!“HT”),!indicating!that!fine,!presumably!MARMsourced!FeMoxyhydroxides!have!farMfield!influence!on!particle!distributions.!!Examination!of!how!this!particulate!signal!changes!with!distance!from!ridge!sources!may!shed!light!on!fine!particle!sinking!rates!and!subsurface!packaging!behaviors!in!the!deep!ocean.!Strong!absolute!particulate!Fe!concentration!enrichments!were!not!observed!at!similar!depths!at!flanking!stations!11M14!and!11M18,!500km!to!the!west!and!east!respectively,!but!notable!relative!Fe/Ti!and!Fe/Al!enrichments!were!noticeable!in!the!SSF!at!those!stations,!especially!to!the!west!(Fig.!7b)!where!longMterm!geostrophic!flow!of!neutrally!buoyant!plume!particles!is!expected!(LaCasce!and!Speer,!1999).!!Further!comparison!of!the!abundances!of!the!lithogenic!metals,!other!
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important!hydrothermal!carrier!phases!(specifically!MnMoxides),!and!trace!metal!signatures!of!other!key!hydrothermally!sourced!particulate!elements!(Ag,!Cd,!V,!Zn)!will!be!the!subject!of!a!separate!publication.!!
4.5!Evidence!for!scavenging!In!our!section,!Al!displayed!notable!scavengingMlike!enrichment!onto!fine!particles!relative!to!Ti!at!stations!near!ocean!margins!(red!points!in!Fig.!9;!also!Fig!7a:!stns.!10M09,!stns..!11M01!through!11M06)!exhibiting!up!to!40%!enrichment!over!open!ocean!ratios.!!Enrichment!of!Al!is!also!suggested!versus!depth,!with!20M30%!enrichment!appearing!typical!below!2000m!even!in!open!ocean!stations.!These!results!are!consistent!with!previous!observations!of!Al!scavenging!relative!to!Ti!in!the!equatorial!Pacific!(Murray!and!Leinen,!1996),!and!suggest!that!using!unMleached!particulate!Al!totals!alone!for!lithogenic!normalization!could!lead!to!overestimation!of!the!lithogenic!fraction,!particularly!in!nearMmargin!or!deep!particle!samples.!!The!US!GEOTRACES!North!Atlantic!zonal!transect!cruises!occurred!during!periods!of!very!low!diatom!productivity,!even!at!the!margins.!!Since!opal!has!been!implicated!in!the!scavenging!of!dissolved!Al!(Middag!et!al.,!2009),!times!of!higher!diatom!productivity!could!result!in!even!higher!excess!pAl!due!to!scavenging.!!!Of!all!the!elemental!ratios!plotted,!Ti/Al!distributions!were!most!similar!between!SSF!and!LSF,!suggesting!that!Ti!is!less!susceptible,!on!basinMwide!scales,!to!particulate!ratioMaltering!amounts!of!scavenging!and!biological!recycling!processes.!!Such!processes!should!influence!the!SSF!more!strongly!due!to!its!(generally)!higher!relative!abundances,!longer!residence!times,!and!greater!surface!area!for!scavenging!compared!to!the!LSF.!
!
4.6!Lithogenic!Normalization!Which!element!(Al,!Fe,!or!Ti)!is!the!best!choice!as!a!lithogenic!normalizer?!!The!answer!lies!in!which!assumptions!about!crustal!abundance!and!in$situ$elementMspecific!variations!are!least!likely!to!fail!at!any!given!site.!!Biological!Fe!enrichment!in!fine!surface!particulates!(Fig.!7b)!eliminates!Fe!as!a!general!marine!lithogenic!normalizer,!at!least!in!the!upper!ocean!and!in!particle!regimes!where!FeMenriched!
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biotic!contributions!significantly!vary!in!time.!!Al!is!the!more!traditional!choice!for!crustal!normalization,!as!it!varies!minimally!between!various!canonical!continental!crustal!sources!(UCC:!8.04!wt.%!vs.!BCC!8.41!wt.%;!Taylor!and!McLennan,!1995),!but!scavenging!of!Al!near!margins!could!lead!to!an!overestimate!of!the!lithogenic!fraction.!As!a!minor!and!more!sourceMvariable!component!of!crustal!material!than!Fe!or!Al,!Ti!may!prove!useful!in!indicating!pointMsources!of!distinct!mineralogy,!thus!allowing!tracking!of!local!aeolian!or!lateral!particulate!inputs,!as!demonstrated!with!the!high!relative!abundances!observed!in!particles!near!Cape!Verde!(Fig.!5c!and!5f).!!These!Ti!signals!may!also!be!preserved!in!proximal,!if!not!distal,!marine!sediments!depending!on!Ti!mineral!diagenesis.!!But!is!Ti!useful!as!a!general!lithogenic!normalizer!as!well?!!Ti!has!the!disadvantage!of!varying!greatly!as!a!function!of!different!source!material!(e.g.,!UCC!Ti=0.3wt%!and!BCC!Ti=0.54wt%).!!But!while!Ti!is!more!variable,!it!has!the!advantage!of!not!being!as!affected!by!scavenging!(cf.!Al)!or!biological!uptake!(cf.!Fe).!!Its!utility!as!a!lithogenic!normalizer!thus!depends!on!the!likelihood!of!significant!variations!in!the!Ti!composition!of!lithogenic!particle!sources!in!time!and!space,!and!the!possibility!to!correct!or!constrain!for!these!compositional!differences.!In!the!water!column,!Ti!may!be!especially!useful!for!determining!excess!(nonMlithogenic)!particulate!Fe,!since!the!ratio!of!Fe:Ti!remains!relatively!constant!between!source!regions!(Fig.!7,!source!arrows).!!Throughout!the!deep!section,!TiMrich!African!dustMlike!ratios!are!observed!throughout!the!majority!of!the!midMbasin!(near!CV!excepted),!while!TiMpoor!and/or!FeMrich!(Lambert!et!al.,!1984)!particles!from!N.!America!are!observed!more!generally!in!the!western!basin!along!Line!W.!!This!type!of!broad!input!homogeneity!is!conducive!to!meaningful!lithogenic!determinations!using!this!element.!!As!we!improve!our!understanding!of!marine!lithogenic!particle!inputs,!source/endMmember!compositional!variations,!and$in$situ$scavenging!behaviors!of!lithogenic!elements,!we!can!improve!lithogenic!corrections!conducted!using!Al!and!Ti.!
!
4.7!Aeolian!and!Lateral!Lithogenic!Inputs!
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! Terrestrially!derived!aeolian!input!of!mineral!dust!is!considered!to!dominate!exogenous!lithogenic!particulate!delivery!into!the!upper!water!column!in!the!subMtropical!North!Atlantic!(Jickells,!2005;!Mahowald!et!al.,!2005).!!If!strongly!vertical!packaging!and!sinking!processes!dominate!lithogenic!behaviors,!the!standing!water!column!inventories!of!lithogenic!metals!may!thus!be!expected!to!broadly!reflect!the!basin’s!aeolian!deposition!patterns.!!Regions!where!water!column!inventories!show!positive!deviations!from!aeolian!patterns!should!indicate!lateral!sources!of!lithogenic!material!from!the!continental!margin,!and/or!natural!variations!in!vertical!processes.!!To!isolate!and!discuss!the!broad!distribution!of!these!features!in!the!lithogenic!dataset,!we!divide!the!section!into!several!depth!ranges!(0M200m;!200M1000m;!1000M3000m)!and!examine!the!stationMbyMstation!total!particulate!Ti!inventories!(Figs.!10aMc)!along!with!bottomMmost!sample!concentrations!(Fig.!10d).!High!lithogenic!inventories!are!noted!nearer!the!margins!for!all!depth!ranges.!Surface!lithogenic!inventories!(Fig.!10a,!0M200m),!which!are!generally!very!low!compared!to!other!depth!ranges,!display!rapid!decreases!away!from!the!N.!American!margin!along!Line!W!and!away!from!the!African!margin!at!Mauritania,!and!!a!slight!local!maximum!is!observed!near!Cape!Verde!at!the!TENATSO!station!ca.!70km!from!the!island!chain.!!These!distributions!are!consistent!with!surface!inventories!of!lithogenic!particles!that!reflect!more!variable!effects!of!recent!(order:!days!to!weeks)!dust!events!and!any!shortMrange,!proximal!coastal!or!shelfMsourced!lateral!inputs!(See!4.8:!Lithogenic!Residence!Times).!OpenMocean!inventories!in!the!0.2kmM1km!depth!range!(Fig.!10b),!by!comparison,!are!larger!and!steadily!decrease!from!east!to!west!(stns.!11M22!to!11M10).!!This!inventory!pattern!broadly!reflects!the!basinMscale!annual!dust!deposition!patterns!estimated!by!modeled!dust!deposition!(Mahowald!et!al.,!2005),!which!is!provided!for!comparison!(Fig.!10e).!!Decreasing!midMwater!column!lithogenic!inventories!away!from!the!African!coast!in!the!MauritaniaMCV!transect!could!be!consistent!with!both!patterns!of!aeolian!deposition!(Mahowald!et!al.,!2009)!and/or!lateral!transport!from!the!African!margin.!!Dissolved!tracers!including!228Ra!(halfMlife!5.75y;!Charette!et!al.!in!prep),!however,!suggest!little!lateral!transport!in!this!
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region,!implicating!a!primarily!dust!source!of!lithogenics!on!the!basin’s!eastern!margin!near!Africa.!Elevated!nearMmargin!inventories!along!line!W!in!both!the!0.2M1km!and!the!1kmM3km!depth!ranges!(Fig.!10b!and!10c),!however,!appear!unsupported!by!dust!deposition!patterns!alone!and!are!thus!consistent!with!lateral!sources!of!lithogenic!material.!!We!observe!elevated!lithogenic!concentrations!in!the!1M2km!depth!range!along!Line!W!(Fig.!4,!“LSW”;!Fig!10c,!western!margin)!associated!with!the!Labrador!seawater!water!mass,!as!identified!by!CFC!concentrations!and!TMS!characteristics!(Smethie,!in!prep).!!Labrador!seawater!is!a!portion!of!North!Atlantic!Deep!Water!that!impinges!upon!and!interacts!with!the!N.!American!slope!(Bower!et!al.,!2011),!picking!up!lithogenic!material!and!dissolved!metal!signatures!(many!authors,!in!prep)!along!its!nearMmargin!transit.!!! The!Mediterranean!outflow!(“MED”!Fig!4;!Stn!10M01,!and!Fig.!10c)!is!another!prominent!lateral!feature!sampled!at!stn.!10M01!that!demonstrates!the!strongly!vertical!behavior!of!lithogenic!particulates,!even!in!the!fine!size!fraction.!!McCave!and!Hall!(2002)!extensively!documented!Mediterranean!water!(MW)!turbidity!using!transmissometry,!noting!the!rapidity!with!which!MW!loses!its!suspended!particulate!load!as!it!exits!the!Gulf!of!Cadiz!and!transits!along!the!Portuguese!shelf!(cf.!their!Fig.!3).!!At!our!station!10M01,!located!NE!of!their!station!M42M02,!we!observed!MediterraneanMsourced!fine!particulates!beginning!at!420m!depth,!with!a!maximum!at!695m!where!pFe!was!measured!at!57nM!in!the!SSF,!consistent!with!prior!turbidity!measurements.!!We!note!that!this!MWMassociated!particulate!signal!is!especially!AlMrich!(Fig.!7a),!a!signature!visible!throughout!all!depths!beneath!the!absolute!concentration!maximum,!indicating!settling!of!suspended!particulate!matter!out!of!its!MW!source.!!
4.8!Lithogenic!Residence!Times!
! Calculation!of!lithogenic!particulate!residence!times!at!any!given!depth,!or!within!a!given!depth!range,!requires!knowledge!of!the!inventory!and!either!the!input!or!removal!fluxes.!!We!can!calculate!inventories!from!our!concentration!measurements!taken!at!single!points!in!time,!but!must!rely!on!estimates!of!input!or!
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removal!fluxes,!both!of!which!can!vary!significantly!in!both!time!and!space.!!Nonetheless,!the!exercise!of!generating!residence!times!and!export!fluxes!can!illustrate!how!lithogenic!inventories!may!help!constrain!both!marine!packaging!and!export!systems!as!well!as!lithogenic!inputs!themselves.!! Using!stationMbyMstation!inventories!of!particulate!Ti!in!various!surface!depth!ranges!(Table!3),!estimates!of!the!annual!average!input!rates!of!aerosol!dust!from!the!Aeronet_Median!deposition!model!(Aerocom,!2013),!and!assuming!a!Ti!composition!of!0.56%!by!weight,!we!calculate!open!ocean!lithogenic!particle!residence!times!in!the!upper!200m!between!30M60d,!and!residence!times!in!the!upper!1000m!of!0.5M2y.!Calculated!residence!times!near!the!western!margin!(stns..!11M01!through!11M06)!and!in!the!east!near!Lisbon!(stn..!10M01)!when!dust!is!assumed!as!the!only!lithogenic!input,!are!unrealistically!high!(decades),!reflecting!these!regions’!significant!lateral!sources!of!lithogenic!Ti!that!are!unsupported!by!aeolian!dust.!!In!the!open!ocean,!however,!the!assumption!of!aeolian!dust!as!the!only!lithogenic!input!flux!is!more!appropriate.!!We!can!calculate!the!steady!state!net!sinking!(export)!speeds!through!each!depth!layer!by!dividing!the!thickness!of!the!layer!by!the!residence!times.!!Again,!calculated!sinking!rates!along!Line!W!and!near!Lisbon!are!unrealistic!due!to!the!dominant!lateral!sources!of!lithogenic!material!at!these!stations.!!Nonetheless,!two!major!trends!are!notable!in!the!open!ocean!portion!of!the!transect:!a!general!increase!in!net!speed!from!west!to!east,!and!a!general!
decrease!in!net!speed!as!the!depth!of!integration!increases!(4.9M9.6!m/day!WMtoME!through!200m;!2.2M6.3!m/day!WMtoME!through!1000m).!! Our!observation!that!net!sinking!speed!decreases!with!depth!is!primarily!due!to!the!fact!that!the!relative!proportion!of!rapidlyMsinking!LSF!particles!decreases!dramatically!between!the!upper!200m!and!the!200M1000m!depth!range!(Table!3)!as!lithogenicMbearing!LSF!marine!aggregates!are!remineralized!beneath!the!euphotic!zone.!!In!the!deep!ocean!interior,!80M90%!of!the!lithogenic!particulates!are!found!in!the!SSF!(Fig.!5),!which!has!a!greatly!decreased,!if!not!negligible,!mean!sinking!speed.!!Mean!deep!integration!residence!times!are!more!reflective!of!this!net!“slower”!mixture!of!predominantly!fine!particles.!!Assuming!these!fine!particles!have!a!negligible!(0m/d)!sinking!speed,!and!that!80%!of!lithogenic!mass!partitions!into!the!
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SSF!below!ca.!300m,!bulk!sinking!speeds!(LSF+SSF)!on!the!order!of!2M6!m/d!correspond!to!LSF!sinking!speeds!of!10M30!m/d.!!This!is!not!to!say!that!all!LSF!particles!fall!within!these!speed!ranges—many!particles!and!aggregates!may!greatly!exceed!these!speeds—simply!that!in!a!twoMsize!fraction!reduction!of!the!natural!system,!these!represent!the!bulk!speeds!required!to!balance!inputs,!inventories,!and!each!sizeMfraction’s!relative!abundances.!Calculations!indicating!decreasing!residence!times!(or!increasing!particulate!sinking!speeds;!or!both)!from!west!to!east!are!less!straightforward!to!explain.!!Both!results!are!directly!sensitive!to!the!assumed!(in!this!case:!annual)!dust!input!rates,!with!the!shorter!residence!times!in!the!upper!200m!(order:!weeks)!more!likely!to!be!biased!by!recent!temporal!variations!in!actual!dust!inputs.!!For!greater!depths!of!integration,!however,!the!trends!are!more!likely!to!be!appropriately!matched!to!annual!dust!flux!estimates.!!The!main!driver!of!our!longitudinal!variations!in!residence!times!and!mean!sinking!speeds!is!the!observation!that!the!gradients!in!Ti!inventories!(a!2M!to!3Mfold!increase!from!BATS!to!stn.!11M22,!depending!on!the!depth!of!integration)!are!less!than!the!gradients!in!estimated!dust!fluxes!(a!7Mfold!increase!from!BATS!to!stn.!11M22;!Jickells,!2005).!Overestimation!of!dust!fluxes!in!the!east!or!underestimation!in!the!west!could!account!for!these!trends.!!If!the!dust!input!trends!are!considered!correct,!however,!we!must!invoke!relative!increases!in!particle!removal!processes!under!the!regions!of!higher!dust!inputs.!!Faster!relative!lithogenic!removal!in!the!east!could!be!due!to!additional!lithogenic!ballasting!of!sinking!particles!(Dunne!et!al.,!2007;!Ternon!et!al.,!2010;!Lima!et!al,!2013)!and!differences!in!biotic!community!structure!that!may!alter!export!rates!(Guidi!et!al.,!2009;!Henson!et!al.,!2012;!Lam!et!al.,!2011).!Our!dataset!does!suggest!a!potential!export!event!with!higher!sinking!speeds!than!those!calculated!from!mean!residence!times.!!A!putative!Fe/TiMrich!LSF!“export!event”!(Figs.!7d,e),!perhaps!of!biogenic!material!possessing!elevated!Fe/Ti!ratios,!was!observed!as!a!rapidly!sinking,!narrow!ratio!anomaly!at!five!stations!(11M12!through!11M20)!in!the!central!gyre!(Table!2).!There!is!no!obvious!anomaly!in!the!absolute!LSF!concentrations!of!Fe!(not!shown),!and!archive!photographs!of!relevant!and!surrounding!preMfilters!did!not!show!visual!indication!of!any!notable!LSF!
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particle!shifts.!!This!feature!was!therefore!likely!not!a!large!perturbation!to!the!flux!of!Fe,!but!following!it!does!allows!us!to!calculate!a!sinking!speed!of!this!putative!export!event.!!Assuming!export!occurred!simultaneously!at!all!five!stations,!and!that!each!station!was!sampled!approximately!three!days!apart!(Table!2),!we!calculate!roughly!depthMresolved!sinking!speeds!of!95M180m/d.!!These!particleMspecific!sinking!rates!are!greatly!elevated!compared!to!the!mean!vertical!sinking!speeds!calculated!previously!and!used!later!in!our!model!parameters,!but!are!consistent!with!higherMend!sinking!speeds!from!within!a!broad!natural!spectrum!of!particleMclasses!(Timothy!et!al.!2013)!with!similarly!wideMranging!sinking!rates!(McDonnell!and!Buesseler,!2010).!Single!depths!showing!elevated!Fe/Ti!ratios!were!observed!between!0M200m!at!stns..!11M14!through!11M18,!perhaps!indicative!of!new!production!in!nearMsurface!waters!of!particles!similar!to!the!export!event!particles.!!We!cannot,!however,!identify!these!particles!specifically!or!demonstrate!consistency!between!stations!and!depths!using!only!our!lithogenic!elemental!ratios.!Given!slow!expected!net!particle!sinking!rates!at!depth,!we!assess!whether!horizontal!transport!of!suspended!particles!should!affect!our!1D!assumption!in!calculating!inventories!and!residence!times.!!Mean!zonal!flow!in!the!deep!interior!(order:!0.1!cm/s;!Schott!and!Stommel,!1978)!would!necessitate!ca.!5787d!(almost!16!years)!to!transit!500km,!the!typical!distance!between!our!open!ocean!stations.!!Even!if!we!assume!a!slow!mean!deep!particle!sinking!speeds!on!the!order!of!0.3!m/d!(ca.!!3.4!x!10M4!cm/s),!vertical!particle!sinking!should!still!dominate!over!horizontal!mixing!on!lithogenicMrelevant!timescales!across!these!station!distances.!!
4.9!Lithogenic!Particle!Cycling!1MD!Model:!Context!!! In!the!upper!ocean,!strong!partitioning!of!lithogenic!material!to!the!LSF!(typically!>30%!LSF,!and!often!>50%)!is!at!first!surprising,!given!that!dust!is!delivered!in!the!SSF.!!No!significant!exogenous!particulate!input!(aeolian,!hydrothermal,!or!lateral)!relevant!to!this!section!has!significant!size!distributions!in!the!>51µm/LSF!range.!!NearMsurface!partitioning!of!lithogenics!into!the!LSF!indicates!the!importance!of!bioticallyMcontrolled!aggregation!processes!in!
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transferring!particles!from!the!SSF!to!the!LSF,!thus!controlling!the!sizeMpartitioning!of!lithogenic!particles!in!the!upper!ocean.!!The!dominant!partitioning!of!lithogenic!particles!into!the!SSF!for!most!of!the!ocean!interior!is!consistent!with!the!supply!of!lithogenics!from!dust!in!the!SSF!(Moore,!2008;!Ratmeyer!et!al.,!1999;!Sedwick!et!al.,!2005)!and/or!the!lateral!transport!of!margin!derived!micronMsized!sediments!(Lam!and!Bishop,!2008;!Lam!et!al.,!2012).!In!XRF!maps!(Fig.!6),!LSF!aggregates!from!the!mixed!layer!(0M30m,!stn!10M09)!were!found!to!contain!aeolian!particles!almost!ubiquitously,!while!aggregates!sampled!from!the!deep!chlorophyll!maximum!(DCM,!51m!stn!10M09),!beneath!the!mixed!layer,!are!nearly!completely!free!of!them.!!Despite!this!oceanographic!setting!being!among!the!dustiest!on!the!planet,!both!XRF!images!of!pFe!(Fig.!6)!and!concentration!profiles!(Fig.!11)!show!that!the!DCM!(typically!40M60m!depth)!has!a!very!low!abundance!of!lithogenic!elements.!!Since!the!major!external!source!of!lithogenic!particles!is!from!the!deposition!of!aeolian!mineral!dust!to!the!surface!ocean,!these!fine,!suspended!particles!appear!to!be!trapped!in!the!mixed!layer,!which!is!isolated!from!the!DCM,!and!are!only!transported!to!depth!via!aggregation!into!larger,!sinking!particles.!!The!presence!of!a!lithogenic!shadow!zone!at!the!DCM!suggests!that!disaggregation!processes!and!direct!sinking!of!fine!lithogenic!particles!from!above!are!unable!to!act!as!a!net!source!of!lithogenics!directly!beneath!the!mixed!layer.!!Most!lithogenic!particles!deposited!in!the!mixed!layer!appear!to!rapidly!and!efficiently!bypass!the!DCM!as!they!are!transported!to!depth.!!This!has!the!effect!of!creating!the!strongest!and!most!consistently!observed!concentration!
gradients!in!lithogenic!metals!at!depths!below!rather!than!above!the!DCM.!Beneath!the!euphotic!zone!(Fig!6!OMZ),!both!aeolianMrich!and!aeolianMpoor!aggregates,!presumably!from!the!mixed!layer!and!the!DCM,!respectively,!are!observed.!!In!the!150M400m!depth!range,!most!aggregates!begin!to!disaggregate,!coMincident!with!the!appearance!of!SSF!Ba/barite!maxima!(not!shown)and!indicative!of!organic!matter!remineralization!and!marine!aggregate!disassociation!(Bishop,!1988).!!Large!aggregates!containing!aeolian!particulates!are!also!observed!in!deep!(>1500m)!samples!(Fig.!6,!Deep),!many!of!which!are!likely!fastMsinking,!dustMcontaining!fecal!pellets!generated!either!in!the!mixed!layer!or!beneath!the!DCM!by!
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zooplankton.!!Taken!as!a!whole,!these!images!demonstrate!that!shallow!aggregation,!large!particle!sinking,!and!deep!disaggregation!are!dominant!processes!controlling!the!vertical!distribution!and!cycling!of!lithogenic!particles.!We!observe!that!in!the!open!ocean!portion!of!the!section!(stns..!11M12!through!11M22),!away!from!the!direct!influence!of!continental!margins,!several!consistent!features!in!lithogenic!metal!profiles!indicate!that!aeolian!input!of!mineral!dust!to!the!mixed!layer!is!the!dominant!source!of!lithogenic!particulate!material!to!the!water!column.!!Deep!metal!ratios,!especially!Fe:Ti!(Fig!7c),!are!generally!consistent!with!those!in!dust!collected!near!Mauritania.!!StationMbyMstation!inventories!in!the!upper!1000m!for!the!most!inert!lithogenic!tracer,!Ti!(Fig.!10c),!decrease!from!east!to!west,!as!is!generally!expected!from!trends!in!modeled!and!measured!dust!deposition!fluxes!from!Northern!Africa!into!the!basin’s!surface!waters!(Mahowald!et!al.,!2009).!!Depth!profiles!for!particulate!Ti!(Fig.!11)!also!share!a!common!and!consistent!shape!in!the!open!ocean,!with!the!SSF!(Fig.!11a)!exhibiting!variously!pronounced!local!maxima!(10M75pM)!in!the!mixed!layer,!minima!at!the!DCM!(5M19pM),!and!remineralizationMlike!local!maxima!between!150M500m!depth.!!Profiles!for!the!LSF!(Fig.!11b)!are!somewhat!noisier!but!demonstrate!generally!constant!distributions!in!the!5M50pM!range,!with!perhaps!slight!surface!maxima!(8M55pM),!minima!near!the!DCM,!and!various!local!maxima!beneath.!Profiles!of!Ti!sizeMfractionation!also!exhibit!a!common!shape!across!the!gyre!(Fig.!11c),!which!are!largely!driven!by!low!SSF!abundances!within!and!just!beneath!the!mixed!layer.!!In!the!0M200m!depth!range,!the!SSF!typically!accounts!for!25M60%!of!total!lithogenics,!with!a!DCM!minimum!of!<20%!SSF.!!The!proportion!of!SSF!particles!increases!quickly!beneath!the!DCM!at!all!stations,!with!most!but!not!all!(70M90%)!of!the!lithogenic!material!found!in!the!SSF!by!250M300m,!a!size!partitioning!ratio!that!continues!into!the!deep!(Fig.!11,!lower!panels).!!Upper!ocean!partitioning!of!Ti!into!the!LSF!is!notable!especially!in!the!mixed!layer,!despite!aeolian!inputs!nearly!entirely!into!the!SSF!(Ratmeyer!et!al.,!1999).!!Short!expected!residence!times!(Table!3)!relative!to!input!fluxes,!indicate!that!LSFMpackaging!is!occurring!both!rapidly!and!continuously!in$situ.!!!
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4.10!Lithogenic!Particle!Cycling!1MD!Model:!Description!! We!begin!by!assuming!that!bioticallyMdriven!aggregation!(and!disaggregation)!are!the!major!drivers!of!lithogenic!particle!partitioning!between!the!SSF!and!the!LSF!in!the!upper!ocean.!!There!are!no!known!significant!inputs!of!LSF!Ti,!nor!are!there!any!known!biological!Ti!uptake!processes,!so!we!can!also!assume!that!all!Ti!entering!the!system!does!so!as!fine!aeolian!material!into!the!mixed!layer.!!Abiotic!scavenging!of!Ti!on!the!relevant!particulate!timescales!(Table!3)!in!the!upper!ocean!will!also!be!neglected.!!Preliminary!weak!leachable!Ti!fractions!(not!shown)!along!the!Mauritanian!transect!were!typically!<1%!of!the!total!Ti!signal,!confirming!Ti!scavenging!as!a!minimal!source!of!error.!Vertically,!we!assume!that!gravityMdriven!large!particulate!sinking!is!the!primary!transport!mechanism,!and!that!horizontal!transport!is!negligible!in!the!open!ocean!section!of!the!transect.!!We!can!thus!describe!any!1MD!pair!of!SSF!and!LSF!profiles!using!a!multiMbox!model.!!The!only!input!of!Ti!is!the!local!dust!flux!(Fdust),!which!is!entirely!into!the!SSF!in!the!mixed!layer.!!Aggregation!and!disaggregation!between!the!SSF!and!LSF!are!described!by!the!firstMorder!rate!constants!βagg!and!βdisagg!(often!represented!in!the!literature!as!β2!and!β⁻2,!respectively);!and!vertical!transport!of!SSF!and!LSF!particles!between!depths!is!attributable!to!their!respective!sinking!speeds!ωSSF!and!ωLSF,!respectively,!which!is!effectively!converted!to!a!rate!by!dividing!by!the!thickness!(Z)!of!the!box.!In!any!given!box!i,!the!change!in!concentration!for!the!two!size!fractions!can!thus!be!described!using!a!pair!of!firstMorder!ordinary!differential!equations:!!!""#!!" = !!"#$,! + !!!,!!"#! − !!,!!!"! − !!!",!! !!"! + !!!",!!!!!!! SSF!!!!!(1)!!!"#$!!" = !!,!!!"! − !!!,!!"#! − !!"#,!!! !"#! + !!"#,!!!!!!! LSF!!!!! !!!!(2)!! This!is!a!simplified!version!of!the!conceptual!models!used!to!model!scavenging!and!removal!by!particles!of!thorium!isotopes!(Clegg!and!Whitfield,!1993;!Clegg!et!al.,!1991;!Marchal!and!Lam,!2012)!that!retains!the!particle!dynamics!terms!
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only.!!We!postulate!that!since!Ti!is!relatively!inert,!we!can!ignore!the!scavenging!and!remineralization!terms!that!transfer!material!between!dissolved!and!small!size!fractions!for!simulating!the!concentration!profiles!of!SSF!and!LSF!pTi.!!The!typical!thickness!of!the!mixed!layer!was!60m!during!our!transect,!which!we!use!as!the!size!of!the!top!box.!!Boxes!are!well!mixed!and!are!spaced!below!the!mixed!layer!to!highlight!general!profile!behaviors:!every!10m!in!the!upper!100m!below!the!60m!mixed!layer,!every!25m!through!300m,!and!as!necessary!>300m!(e.g.!to!follow!feature!propagation!in!long!model!runs.)!We!begin!by!setting!the!model!parameters!in!increasing!order!of!uncertainty.!!For!simplicity,!we!first!assume!a!constant!dust!input!rate.!!We!use!a!constant!input!flux!of!2mg/m2/day!of!lithogenic!material,!around!the!mean!deposition!observed!at!Bermuda!(Jickells!et!al.,!1998)!as!a!baseline!dust!input.!!Assuming!all!dust!is!deposited!into!the!<51µm!sizeMfraction,!a!Ti/Al!mass!ratio!of!0.07!(typical!of!African!dust!collected!between!Cape!Verde!and!Mauritania!(Stuut,!2005)!and!R.!Shelley!(in!prep),!and!an!Al!crustal!weight!abundance!of!8%!(Taylor!and!McLennan,!1995),!this!yields!270!nmol!TiSSF!/m2/day!entering!the!mixed!layer.!!!! We!apply!uniform!sinking!speeds!to!the!SSF!box!and!to!the!LSF!box,!assuming!that!the!fastest!vertical!transport!occurs!via!the!LSF,!recognizing!that!this!is!a!simplification!of!the!sinking!speed!spectrum!observed!in!particles!(McDonnell!and!Buesseler,!2012).!We!assign!the!SSF!a!zero!sinking!speed!(ωSSF=0!m/day)!to!start.!!For!initial!runs,!we!use!an!LSF!sinking!speed!of!16!m/d,!a!typical!value!observed!for!large!aggregate!sinking!speeds!estimated!by!(McDonnell!and!Buesseler,!2012)!using!video!plankton!recorder!(VPR)!images!and!gel!traps!near!Bermuda.!!For!all!parameters!presented!here,!the!model!was!started!with!zeroMinventory!(empty!water!column)!and!run!for!20!years,!which!was!shown!by!comparison!to!200!year!runs!to!have!reached!steady!state.!!
4.11!Lithogenic!Particle!Cycling!1MD!Model:!Results!Our!goal!was!to!simulate!the!general!lithogenic!profile!shapes!and!inventory!behaviors!observed!in!the!N.!Atlantic!(Fig.!11)!using!this!box!model,!and!test!their!sensitivities!to!reasonable!estimates!of!the!disaggregation,!aggregation,!and!sinking!
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parameters.!Ordinary!differential!equations!were!solved!using!a!RungeMKutte!ODE45!parameterization!in!MATLAB!(MathWorks,!Natick!MA).!!!The!magnitude!of!the!aggregation!and!disaggregation!rate!constants,!and!any!vertical!variation!associated!with!these!rates!in!the!upper!water!column,!are!the!least!constrained!parameters!and!thus!our!first!point!of!exploration.!!Most!literature!estimates!for!these!rates!are!derived!from!inverse!models!of!dissolved!and!particulate!thorium!isotope!activities!(234Th,!228Th,!230Th)!and!particle!concentration!or!flux!below!the!euphotic!zone!(eg.!Bacon!and!Anderson!1982).!!Published!compilations!of!inverse!estimates!of!scavenging!and!particle!dynamics!rates!demonstrate!the!large!spatiotemporal!variability!and!uncertainties!associated!with!these!rate!estimates!(Marchal!and!Lam,!2012).!Nevertheless,!disaggregation!rates!(1M1000!yr⁻1)!appear!generally!dominant!to!aggregation!rates!(0.1M100!yr⁻1),!which!is!conceptually!consistent!with!our!understanding!of!most!of!the!deep!ocean!as!dominated!by!remineralization,!disaggregation!and!fragmentation!of!large!aggregates!rather!than!their!production.!!!!Assuming!a!constant!dust!input!(2!mg/m2/d)!and!LSF!sinking!speed!(16!m/d)!as!discussed!previously,!we!explore!the!sensitivity!of!Ti!profiles!to!the!disaggregation!(disagg)!and!aggregation!(agg)!rate!ratio!(disagg:agg)!in!several!constant!ratio!scenarios.!!SizeMfractionation!below!ca.!300m!was!fairly!constant!in!our!observations!(Fig.!11c,!lower!panel),!so!we!focus!first!on!modeled!scenarios!of!deep!(>300m)!profiles!where!the!disagg:agg!ratio!has!been!varied!between!1:1!and!10:1.!If!the!deep!disagg:agg!ratio!is!set!to!1:1!throughout!the!deep!water!column,!lithogenic!material!partitions!evenly!(50%)!between!the!SSF!and!LSF!(Fig.!12a,!blue!line).!!Increasing!the!deep!disagg:agg!ratio!increases!the!partitioning!to!the!SSF!fraction!(Fig.!12a,!green,!orange,!and!red!lines).!!We!thus!observe!that!the!disagg:agg!ratio!is!the!primary!determinant!of!lithogenic!sizeMfractionation!between!the!SSF!and!LSF.!!Our!observed!deep!lithogenic!partitioning!of!75M85%!in!the!SSF!(Fig.!11c,!lower!panel)!indicates!the!overall!deep!water!column!disagg:agg!ratio!in!our!model!is!constrained!between!approximately!3:1!to!6:1.!To!examine!specific!effects!of!absolute!aggregation!rates,!we!next!leave!the!disagg:agg!ratio!constant!at!6:1!throughout!the!entire!water!column!(as!in!Fig.!12a,!
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orange!trace)!and!examine!the!case!of!an!absolute!aggregation!rate!of!50!yr−1!(thus,!300!yr−1!for!disaggregation;!Fig.!12b,!blue!traces).!!Examining!the!surface!boxes!(0M200m;!Fig.!12b)!we!observe!an!elevated!mixed!layer!lithogenic!concentration!with!a!rapid!decrease!to!lower!and!constant!SSF!concentrations!below.!!All!other!parameters!(namely,!dust!inputs,!LSF!sinking!speeds!and!disagg:agg!ratios)!being!the!same,!the!size!of!this!mixed!layer!maximum!is!dependent!on!the!absolute!aggregation!rate,!which!is!also!shown!varied!to!values!of!100!and!300!yr⁻1!(Fig.!12b,!green!and!red!traces).!!This!sensitivity!shows!that!slower!mean!surface!aggregation!rates!should!lead!to!larger!steadyMstate!mixed!layer!lithogenic!concentrations.!!This!behavior!alone!may!be!useful!in!constraining!mean!surface!aggregation!rates!in!marine!systems!where!234Th!export!deficits!are!minimal!but!lithogenic!input!fluxes!and!particulate!concentrations!are!measureable.!Allowing!aggregation!and/or!disaggregation!rate!constants!to!vary!with!depth!in!the!upper!200m!(Fig.!12c,!lower!panels),!allows!creation!of!a!subMeuphotic!minimum!in!SSF!particulates!(Dammshäuser!and!Croot,!2012)!and!the!upper!waterMcolumn!LSF!dominance!that!we!observe!in!the!actual!water!column!(Fig.!11).!!We!choose!to!demonstrate!this!by!allowing!aggregation!to!increase!towards!the!surface!above!200m,!and!holding!disaggregation!rate!constants!fixed!throughout!the!water!column.!!Aggregation!rates!that!reach!a!maximum!near!the!surface!and!decrease!with!depth!below!ca.!100m!seem!reasonable!given!that!particle!concentrations!and!biological!activity!(and!thus!biologicallyMmediated!aggregation)!should!decrease!with!depth!below!the!euphotic!zone.!As!previously!described,!surface!aggregation!rate!constants!that!are!too!small!(<!ca.!50!yr⁻1)!in!the!surface,!even!at!this!fixed!and!relatively!low!dust!input!rate,!create!mixed!layer!inventories!that!are!larger!than!observed.!!Conversely,!surface!aggregation!rates!that!are!too!large!would!fail!to!produce!the!slight!surface!lithogenic!maxima!observed!across!most!of!the!transect.!!In!this!third!scenario,!we!have!used!deep!rates!of!60!yr⁻1!for!disaggregation!and!10!yr⁻1!for!aggregation!below!200m,!and!we!allow!aggregation!to!increase!monotonically!above!200m,!reaching!parity!with!disaggregation!(60!yr⁻1)!between!0M100m!(Fig.!12c,!lower!panels).!!Thus!configured,!the!model!produces!lithogenic!size!partitioning!and!concentration!
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profiles!remarkably!similar!to!those!observed!in!the!western!basin!by!varying!only!three!rate!constant!parameters!and!imposing!a!reasonable!aggregation!rate!constant!profile!shape!(Fig.!12c,!upper!panels).!Thus!far,!sinking!speeds!have!been!set!as!constant!throughout!the!entire!water!column.!!In!general,!varying!the!sinking!speeds!produces!fairly!simple!model!responses,!with!the!LSF!speed!being!the!more!sensitive!of!the!two,!partially!because!the!SSF!is!expected!to!have!a!narrower!range!of!appropriate!variability.!!Allowing!the!SSF!to!settle!at!0.5m/d!(Fig.!12d)!slightly!bows!the!LSF!profile!and!smoothes!all!profiles.!!This!smoothing!effect!is!primarily!observed!just!below!the!mixed!layer!where!SSF!concentration!gradients!are!greatest:!fine!particles!can!now!settle!slowly!from!the!mixed!layer,!which!slightly!changes!the!shape!of,!but!doesn’t!eliminate,!the!DCM!lithogenic!shadow!zone.!!!Varying!the!speed!of!the!LSF,!by!comparison,!has!a!strong!effect!on!the!entire!lithogenic!inventory:!greater!LSF!speeds!decrease!the!steadyMstate!concentration!of!the!LSF,!which!directly!reduces!lithogenic!residence!times!and!total!lithogenic!abundances.!!This!effect!is!observed!in!Figure!12e!where!we!monotonically!increase!the!LSF!speed!from!16!to!20!m/d!in!the!bottom!2000m,!leading!to!a!steady!decline!in!Ti!inventory!with!depth.!!From!another!perspective,!if!elevated!dust!inputs!in!one!region!lead!to!a!greater!mean!LSF!sinking!speed!there!(i.e.,!due!to!an!increase!in!lithogenic!ballasting),!lithogenic!particle!inventories!would!be!comparatively!smaller!than!expected!from!the!increase!in!mean!dust!flux!(which!is!otherwise!directly!proportional!to!lithogenic!inventory;!not!shown).!!This!may!be!the!case!in!the!North!Atlantic,!where!Ti!inventories!in!the!eastern!side!basin!are!only!2M3x!greater!than!in!the!west!(Table!3)!despite!7M10x!estimated!increases!in!dust!fluxes.!Interesting!temporal!system!behaviors!can!be!observed!by!varying!dust!inputs!rather!than!using!constant!fluxes.!!Aggregation!and!disaggregation!processes!may!also!vary!significantly!in!time!and!space,!but!considering!the!high!degree!of!uncertainty!associated!with!those!values!and!their!variations!with!depth,!here!we!only!consider!dust!deposition!variations,!which!are!relatively!better!known.!!As!an!example,!we!return!to!a!constant!sinking!speed!scenario!(16!m/d!for!LSF,!0.1m/d!for!SSF)!with!relatively!higher!aggregation!rates!(30!yrM1!for!deep!aggregation;!180!
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yrM1!for!disaggregation!below!300m;!disagg:agg!parity!in!the!upper!100m!as!in!Fig.!12c)!but!now!assign!a!BermudianMlike!seasonal!dust!input!flux!that!has!a!strong!summer!maximum!(Fig!12f).!!Dust!data!are!estimated!from!monthly!deposition!estimates!of!the!“AEROCOM_Median”!model!across!the!North!Atlantic;!(AEROCOM,!2013)!which!have!been!fitted!continuously!using!a!smooth!sum!of!sines!interpolation!in!MATLAB.!!Model!output!at!several!time!points!during!the!20th!year!are!presented!(lower!panels)!to!display!major!features!in!particle!variation.!Both!surface!and!deep!lithogenic!concentration!profiles!exhibit!timeMvarying!responses!to!seasonal!dust!forcing.!!At!these!rates,!mixed!layer!concentrations!reach!their!annual!maxima!simultaneous!with!maximum!dust!arrival!(Jul),!but!subsurface!concentrations!lag!slightly,!reaching!maxima!in!late!September.!!In!general,!net!particle!propagation!speeds!are!closest!to!LSF!speeds!(here:!16!m/d)!in!the!surface,!where!partitioning!to!the!LSF!is!highest.!!The!net!speed!then!slows!to!reflect!the!absolute!and!relative!increase!in!fine!SSF!material!(0.1!m/d,!here)!beneath!the!euphotic!zone.!!The!annual!summer!dust!pulse!propagates!downward!throughout!the!autumn,!with!maxima!in!both!small!and!large!concentration!profiles!below!300m.!!By!January!the!summer!dust!pulse!is!seen!as!a!maximum!around!500m!and!is!more!noticeable!in!the!SSF!than!the!LSF.!!Both!size!fraction!maxima!continue!to!relax!and!disperse!vertically!throughout!the!winter.!!Following!through!to!the!next!annual!dust!event!(Aug.),!we!can!still!observe!the!remnant!of!the!previous!year’s!dust!pulse!around!1000m.!!It!is!thus!theoretically!possible!to!generate!lithogenic!particleMdriven!profiles!with!two!(or!multiple)!subsurface!maxima!using!only!1MD!processes!and!a!timeMvarying!dust!input.!LSF!sinking!speeds!and!deep!agg:disagg!rates!determine!the!amplitude!of!the!lithogenic!pulses!that!propagate!down!the!water!column.!!Faster!deep!aggregation!rates!and!sinking!speeds!lead!to!higher!amplitude!dust!pulses.!!Notably,!any!variations!in!LSF!concentrations!predicted!by!such!inputMvarying!behaviors!should!be!correlated!with!temporal!changes!in!sediment!trap!fluxes,!assuming!most!vertical!mass!flux!is!sinking!via!the!LSF!as!modeled.!!Depending!on!true!oceanic!aggregation!and!sinking!speed!parameters,!sediment!traps!positioned!at!widelyMspaced!depths!(e.g.!1000m!and!3000m)!could!even!record!what!would!appear!to!be!“simultaneous”!
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dust/flux!events!with!infinite!sinking!speeds!that!are!in!fact!dust!pulses!propagating!down!the!water!column!from!two!separate!dust!events.!Residence!time!calculations!show!that!the!water!column!maintains!an!inventory!record!of!both!shortMterm!(days!to!weeks)!and!longMterm!(months!to!years)!external!lithogenic!inputs!depending!on!the!depth!of!integration.!!Given!estimates!or!measurements!of!lithogenic!input!fluxes,!it!should!be!possible!to!constrain!water!column!processes!(aggregation,!disaggregation!and!sinking)!that!operate!on!these!inventories.!!Our!model!results!also!suggest!that!temporal!variations!in!lithogenic!inputs!may!impart!notable!signals!in!timeMseries!observations!of!refractory!particle!profiles.!!In!combination!with!global!dust!models!of!aeolian!inputs,!improved!data!on!water!column!lithogenic!inventories!may!be!a!useful!indicator!of!dust!deposition!patterns!as!imprinted!upon!and!reMworked!by!the!ocean’s!biological!pump,!perhaps!eventually!helping!to!constrain!the!activities!of!both.! !
4.12!Applications!of!inert!particle!model!to!other!particle!types!! Modeling!an!inert!lithogenic!tracer!provides!a!starting!point!for!understanding!some!of!the!rates!that!must!be!controlling!particle!cycling!in!general.!!These!include!parameters!such!as!aggregation/disaggregation!rates!and!sinking!speeds!that!are!relevant!to!the!biological!pump!and!to!other!bioactive!trace!metals,!but!difficult!to!calculate!directly.!!Can!we!apply!the!results!of!the!2Mbox!model!developed!here!for!lithogenic!particle!distributions!to!understand!the!dynamics!of!POC!cycling!and!the!biological!pump?!At!one!extreme,!we!can!imagine!that!POC!behaves!exactly!like!lithogenic!particles!with!respect!to!aggregation,!disaggregation,!and!sinking!in!the!nearMsurface,!but!that!it!also!experiences!remineralization,!a!process!not!applicable!to!lithogenics.!!Indeed,!2Mbox!models!that!model!particle!dynamics!often!add!a!remineralization!loss!of!small!particulates!(e.g.!Clegg!et!al.!1991).!We!observed!POC!to!be!partitioned!less!strongly!to!the!large!size!fraction!than!lithogenics!(10M60%!for!POC!compared!to!50M80%!for!lithogenics)!in!surface!waters,!however!(Lam!et!al.,!in!prep).!!This!implies!a!need!for!an!additional!remineralization!term!between!the!
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small!and!large!size!fraction!to!account!for!remineralization!or!assimilation!of!POC!by!zooplankton!during!aggregation!into!large!>51µm!particles.!The!other!extreme—that!POC!behaves!nothing!at!all!like!lithogenic!particles—is!not!likely!considering!that!the!aggregation!and!disaggregation!processes!that!act!on!the!lithogenic!particles!are!presumed!to!be!biologically!mediated!and!driven!by!POC!consumption.!!However,!differences!in!size!distributions!for!POC!compared!to!lithogenic!particles!may!alter!the!effective!aggregation!rates!experienced!by!the!bulk!POC!compared!to!bulk!lithogenic!pools.!!Fine!lithogenic!particulates!also!have!a!narrower!particle!size!spectrum!(1M20!micronMrange,!if!sourced!completely!from!dust!(Ratmeyer!et!al.,!1999;!Stuut,!2005)!compared!to!particulate!organic!matter,!which!spans!the!full!range!of!sizes!from!organic!polymers,!viruses,!bacteria,!picoM!and!nanoMplankton,!etc.!(McCave,!1984),!(Lal,!1977).!!These!different!organic!pools!may!interact!with!>51µm!aggregation!processes!differently!than!lithogenics,!so!further!investigation!is!needed!to!determine!the!applicability!of!lithogenicMderived!rate!estimates!to!other!estimates!of!these!parameters.!!!
5.!Conclusions!! The!sizeMfractionated!lithogenic!metals!Al,!Fe,!and!Ti!demonstrate!the!intensity!and!extent!of!many!basinMscale!lithogenic!inputs!(aeolian,!lateral,!hydrothermal,!and!benthic)!and!key!oceanographic!processes!(scavenging,!biotic!uptake,!aggregation/disaggregation,!vertical!sinking,!and!lateral!transport).!!In!the!upper!ocean,!lithogenic!particles!are!demonstrated!to!have!strong,!rapid!packaging!into!the!>51µm!fraction!within!the!mixed!layer,!minimal!abundances!just!below!the!mixed!layer!at!subMmixed!layer!DCM!depths,!and!elevated!overall!abundances!beneath!the!euphotic!zone.!Lateral,!hydrothermal,!and!benthic!resuspension!of!lithogenic!elements!are!observed!to!be!intense,!locallyMimportant!sources!at!some!stations,!with!African!dust!inputs!appearing!to!dominate!lithogenic!compositions!across!most!of!the!basin’s!interior.!Aggregation,!disaggregation!and!sinking!modeled!using!a!two!sizeMfraction!1MD!box!model!of!particulate!Ti!can!successfully!describe!
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lithogenic!distributions!and!demonstrates!the!range!of!effects!that!parameter!and!input!variations!have!on!sizeMfractionated!lithogenic!concentration!profiles.!!
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Figure'1:'Oceanographic'stations'from'R/V$Knorr'cruises'KN19984'in'Oct'2010'(stations'108xx)'and'KN20481'in'Nov8Dec'2011'(stations'118xx)'where'particulate'samples'were'collected'(circles'and'annotations).'
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Figure'2:'Concentration'scatterplots'(SSF)'of'A:'Al/Fe,'B:'Al/Ti,'C:'Fe/Ti'on'log'scales'for'the'entire'N.'Atlantic'dataset'demonstrating'the'strong'correlations'observed'between'lithogenic'elements'across'many'orders'of'magnitude.''Color'scales'(right)'indicate'sample'depth.'Annotations:'key'regional'inputs'and'notable'processes'(not'all'shown'in'all'Oigures).''HT:'hydrothermal.''CV:'Cape'Verde.''BNL:'benthic'nepheloid'layer'(station'number).'BIO:'biotic'uptake.'AfDust:'African'dust'inputs.'SCAV:'scavenging.'MED:'Mediterranean'outOlow.''LSW:'Labrador'seawater.'NAm:'North'American'boundary'particulates.'
HT%
BNL,10=04%
CV%
HT%
BNL,10=04%
BIO%
A"
C"
AlSSF [nmol/L] AlSSF [nmol/L] 
FeSSF [nmol/L] 
Fe
S
S
F 
[n
m
ol
/L
] 
  
T
i S
S
F 
[n
m
ol
/L
] 
  
T
i S
S
F 
[n
m
ol
/L
] 
  
D
ep
th
 [m
] 
D
ep
th
 [m
] 
D
ep
th
 [m
] 
B"
BNL,10=04%
BIO%
CV%
107
Figure'3:'Variance'of'13'particulate'elements'captured'by'the'Oirst'5'principal'components'in'principal'component'analysis.''Source'data'are'a'large'subset'of'the'SSF'dataset'(n=309/344'samples)'Oiltered'as'in'Table'1'to'remove'extremely'high'concentration'samples.''Component'1'captures'50.0%'of'total'dataset'variance'and'most'lithogenic'elemental'variances;'Comp'2:'18.0%;'Comp'3:'10.4%;'Comp'4:'7.8%;'Comp'5:'5.2%.'
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Figure'4'(previous'page):'Concentration'sections'of'A)'AlSSF'B)'FeSSF'and'C)'TiSSF'in'units'of'nmol/L.''X8axes:'section'distance'(km),'including'breaks'(double'bars)'to'consolidate'views;'note'the'change'in'scale'between'breaks.''Minor'x8ticks'located'every'100km.''Figure'annotations:'notable'inputs'and'processes'as'described'in'Figure'2.''Concentrations'in'excess'of'plotted'ranges'include'BNL'11804'(Al:'3.6µM,'Fe:'938nM,'Ti:'106nM),'BNL'11808'(Al:'1.81µM,'Fe:'470nM,'Ti:'58nM),'BNL'11810'(Al:'84.8'nM;'Fe:'21.4'nM;'Ti:'2.3nM),'TAG'(Fe:'46.6'nM),'BNL'10809'(Fe:'26.3'nM),''MED'(10801,'665m,'Al:'222nM;'Fe:'57.6nM;'Ti:'6.47nM).'
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Figure'5'(this'page):'Typical'lithogenic'particulate'size8fractionation,'shown'here'for'Fe,'as'FeLSF/Fe(SSF+LSF).'Lithogenic'material'partitions'strongly'into'the'LSF'in'the'upper'200m'at'most'stations,'with'SSF'abuandances'dominating'in'the'sub8surface'interior.'
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Figure'6'(including'preceding'page):'µXRF'maps'of'>51µm'marine'aggregates'on'polyester'preOilters'from'several'depths'near'Africa/Mauritania'(Stn.'10809).''Green:'pTi,'showing'the'preOilter’s'51µm'grid'spacing'for'scale.''Red:'particulate'Fe,'seen'in'Oine'aeolian'dust'particles'incorporated'and'retained'in'the'large'size8fraction'within'large'aggregates.''Blue:'particulate'Cl'(sea8salt)'which'is'preferentially'retained'in'aggregates'as'samples'dry,'allowing'visualization'of'organic'aggregate'shapes.'''
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Figure'7'(preceding'two'pages):'Mole'ratio'sections'of'A:'(Al/Fe)SSF,'B:'(Fe/Ti)SSF','C:'(Ti/Al)SSF,'D:'(Al/Fe)LSF,'E:'(Fe/Ti)LSF','and'F:'(Ti/Al)LSF.'X8axes:'section'distance'(km),'including'breaks'(double'bars)'to'consolidate'views.'Minor'x8ticks'located'every'100km.''Figure'annotations:'notable'inputs'and'processes'as'described'in'Figure'2.''Scale'bar'annotations:'key'crustal'ratios'including'bulk'continental'crust'(BCC)'from'(BCCT)'[Taylor'and'McClennan,'1995]'and'(BCCR)'[Rudnick'and'Gao,'2003],'upper'continental'crust'(UCCT)'[Taylor'and'McClennan,'1995],'and'bulk'African'Dust'(AD)'collected'during'KN199'near'Mauritania'[W.'Landing'and'R.'Shelley,'pers.'comm].'
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Figure'8:'Top:'Ti'K8edge'µXANES'spectral'library,'along'with'unidentiOied'CV'mineral'spectrum.''Bottom:'Linear'combination'Oits'of'multiple'spectra'(n=10812'Ti'“hotspots”'per'sample)'using'(non8negative)'scalable'components'from'the'mineral'library'were'used'to'assign'Ti8mineral'composition'to'each'sample.'
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Figure'9:'Al'enrichment'on'Oine'particles,'relative'to'Ti,'noted'near'ocean'margins.''Red:'nearer8shore'stations'where'Al'is'found'in'greater'relative'abundance'throughout'the'water'column.''Blue:'open'ocean'stations'which'generally'show'Al'enrichment'with'depth.''Yellow:'stations'with'elevated'Ti'from'Cape'Verdean'lithogenic'material,'which'decreases'the'Al/Ti'ratio.'
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Figure'10'(preceding'page):'a8c:'Total'(SSF+LSF)'particulate'titanium'inventories'through'several'depth'ranges.''A$(0/200m):'Surface'Ti'inventories'highlight'recent'dust'inputs'(order'days'to'weeks)'and'proximal'coastal/margin'sources'of'lithogenics'that'decrease'quickly'away'from'the'continents'and'point8sources'(CV).''B$(200m/1km):'Across'the'open'ocean,'a'broad'increasing'lithogenic'inventory'from'Bermuda'to'Cape'Verde'follows'from'expected'dust8deposition'patterns'(cf.'Figure'6e:'dust'desposition'by'[Jickells'et'al.,'2005]).''Along'Line'W'and'near'the'Med.'outOlow,'margin8sourced'lateral'lithogenic'inputs'are'evident.''C$(1km/3km):'Near'N.'America,'strong'lateral'inputs'of'lithogenics'associated'with'Labrador'seawater'(LSW)'sustain'a'mid8water'column'inventory'that'decreases'away'from'the'continental'slope.'Increased'water'column'inventories'are'observed'between'African'and'Cape'Verde'in'association'with'the'high'vertical'Oluxes'of'aeolian'dust'there.'''d:'Total'particulate'Ti'at'bottom'sampling'depth'(log'scale)'showing'the'strong'benthic'nephleoid'layers'(BNLs)'at'Stns'11804'and'11808'(red'dots);'the'weaker,'but'thick'boundary'layer'near'Bermuda,'and'barely'evident'(in'Ti)'BNL'at'adjacent'to'Mauritania.''The'Med'outOlow'particulate'plume'is'evident'at'Stn'10801.''e:'Mahowald'(2005)'[reprinted'with'permission].''Annual'dust'deposition'model'estimates;'note'non8linear'color'scaling.''Cruise'transects'are'shown'in'black.'
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Figure'11a8c:'Particulate'Ti'proOiles'for'the'upper'water'column'(08500m,'top'row)'and'deep'(082000m,'bottom'row)'in'the'a:'SSF,'b:'LSF,'and'c:'SSF/(SSF+LSF).''Only'open'ocean'stations'are'plotted'(map),'presumably'stations'with'minimal'laterally8sourced'lithogenic'inOluences.'
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Figure'12:'1D'agg/disagg/sinking'model'responses'and'results.'A:'The'deep'(>300m)'disagg:agg'rate'ratio'controls'the'deep'size8fractionation'(SSF:Total)'of'inert'lithogenics.''In'constant'dust'scenarios,'this'behaviour'occurs'generally'regardless'of'upper'water'column'structure'or'the'absolute'agg'and'disagg'rates.''Different'colors'display'model'runs'with'deep'disagg:agg'rate'ratios'between'1:1'and'10:1.''Observed'deep'fractionation'(75885%'SSF;'Figure'13c)'indicates'ratios'between'3:1'and'6:1'are'appropriate.'B':'Varying'the'absolute'mean'aggregation'rate'controls'the'relative'size'of'the'surface'mixed'layer'lithogenic'maximum.''Dust'inputs'are'held'constant'at'2mg'm⁻2d⁻1,'disagg:agg'ratios'at'6:1'throughout'the'entire'water'column,'and'sinking'rates'at'16'm/d'(LSF).''Only'the'absolute'aggregation'rate'is'varied'between'50'yr⁻1'and'300'yr⁻1.''
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Figure'12'cont’d.'C:'Allowing'aggregation'rates'to'increase'towards'the'surface'(bottom'panels)'generates'lithogenic'concentration'and'size8fraction'proOiles'remarkably'similar'to'those'observed'in'the'ocean'(cf.'Figure'11).'
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Figure'12'cont’d.''D:'Imparting'an'SSF'settling'speed'(shown:'0.5'm/d)'generates'curvature'in'both'the'LSF'and'SSF'proOiles'at'shallow'depths'and'slightly'decreases'the'steady8state'lithogenic'inventory'[note'slight'drop'in'scale'along'x8axes'vs.'14c]'and'may'account'for'some'observed'near8surface'variations'in'LSF'abundances'[Figure'13b,'upper'panels].'
D"
123
Figure'12'cont’d'E:'Allowing'the'LSF'sinking'speed'to'increase'with'depth'(here,'increasing'from'16'to'20'm/d'in'the'lower'2000m;'bottom'panels)'decreases'the'total'inventory'at'those'depths'proportionally.''F'(following'two'pages):'Imparting'a'time8varying'dust'input'(upper'left)'and'otherwise'standard'model'parameters'(upper'two'rows),'time8varying'dust'responses'(lower'panels)'are'generated.'
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Table"1a:"SSF"correlaIon"coeﬃ
cients"
Table"1b:"LSF"correlaIon"coeﬃ
cients"
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Table'2:''Assuming'simultaneous'export'of'the'(Fe/Ti)LSF'anomaly'Oirst'observed'at'three'depths'(1858285m)'at'station'11812'and'then'at'single,'progressively'deeper'depths'through'stn.'11820,'we'calculate'export'speeds'of'958180'm/d'for'these'Fe8rich'large'particles.''Notably,'the'absolute'concentrations'associated'with'this'event'(not'plotted)'do'not'appear'as'signOicant'deviations'from'nearby'proOiles,'indicating'they'represent'only'a'rare'subset'of'the'LSF'particle'population,'and'not'a'signiOicant'absolute'“Olux”'of'Fe.'
Table'1'(preceding'page):'Bivariate'elemental'correlation'coefOicients'(R)'for'the'small'size'fraction'(SSF,'1a)'and'large'size'fraction'(LSF,'1b)'within'a'large'subset'of'the'data.''Dataset'has'been'Oiltered'to'remove'extremely'high'concentration'samples'present'at'benthic'nepheloid'layers,'coastal/margin'samples'and'immediately'proximal'to'the'MAR/hydrothermal'system'by'selecting'for'pFe'<'7nM,'leaving'n=309/344'(SSF)'and'308/344'(LSF)'samples.''Correlation'coefOicients'are'shown'where'p'<'0.05'(t8test).''Bold'italics:'negative'correlations.''Bold'only:'positive'correlations'where'0.7'≤'R'≤'0.85.''Bold'underline:'positive'correlations'where'R'>'0.85.''Bottom'row:'strongest'positive'correlations'for'each'element.''Strongest'positive'correlations'in'the'SSF'are'among'lithogenic'tracer'elements'(Al,'Fe,'Ti,'232Th)'along'with'Nd,'V,'and'Y.''Negative'correlations'in'the'SSF'are'observed'between'biogenic'and'lithogenic'particulate'tracers,'driven'by'rapid'shallow'export'of'lithogenic'particles'(see'discussion).''Within'the'LSF,'strong'biogenic'and'authigenic'correlations'among'particulate'P,'Co,'Mn'are'observed'in'addition'to'the'typical'lithogenic'correlations.'
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Table'3:'Station8by8station'inventories'(A)'of'total'particulate'Ti'(SSF+LSF)'in'three'depth'ranges'(08200m,'08500m,'
081000m),'also'presented'as'normalized'(B,'%)'to'the'highest'dust8sourced'inventory'(bold),'present'nearest'the'
African'continental'margin'(Mauritania,'Station'10809).''Assuming'surface8only'dust'input'Oluxes'(C)'(estimated'from'
AEROCOM'deposition'estimates),'we'calculate'steady'state'residence'times'(D)'and'mean'particulate'sinking'speeds'
(E).'High'residence'times'and'rapid'sinking'speeds'between'Stn'11801'and'11808'and'at'10803'and'10801'reOlect'sub8
surface'lateral'inputs'there'which'are'unsupported'by'aeolian'dust.'Shading'within'each'set'of'columns'guides'
observation'of'general'trends,'with'higher'values'rendered'in'darker'tones.'
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ABSTRACT.
. We!report!the!results!of!a!series!of!bottle!incubation!experiments!utilizing!57Fe<enriched!synthetic!minerals!(57Fe<ferrihydrite,!and!57Fe<fayalite)!immobilized!on!acrylic!slides!to!examine!iron!bioavailability!of!refractory!mineral!particles!to!whole!marine!communities.!!In!an!Fe<limited!HNLC!incubation!conducted!near!the!Crozet!Islands,!both!minerals!drove!increased!Chl!production!over!blank!treatments,!
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and!increased!biomass!in!mineral<amended!bottles!was!correlated!with!increased!57Fe!transfer!from!both!minerals.!!Bottles!from!an!offshore,!silica<limited!incubation!showed!only!slight!growth!responses!and!minimal!57Fe!incorporation,!but!a!marked!growth!response!to!a!slide!prepared!with!natural!mineral!biotite.!!Hg<poisoned!controls!from!both!incubations!demonstrated!measureable!transfer!of!57Fe!from!refractory!minerals!into!suspended!particulates!over!natural<abundance!57Fe,!indicating!that!light<dependent,!abiotic!solubilization!of!Fe!from!particulate!minerals!and!its!reprecipitation!in!suspended!particles!may!be!a!ubiquitous!phenomenon!underlying!a!portion!of!particulate!iron!bioavailability.!!
1..INTRODUCTION!It!is!well!established!that!in!high!nutrient,!low!chlorophyll!(HNLC)!regions!of!the!world!ocean,!availability!of!micronutrient!iron!is!a!primary!limiting!factor!on!biotic!productivity!(Boyd!et!al.,!2007;!Martin,!1988).!!As!marine!primary!production!and!associated!carbon!export!via!the!oceanic!biological!pump!are!critical!terms!in!global!carbon!cycling!budgets,!understanding!iron!cycling!and!its!bioavailability!in!seawater!has!thus!been!of!central!focus!to!biogeochemical!studies!for!decades.!!The!question!of!what!defines!bioavailability!of!Fe!was!reviewed!recently!by!(Shaked!and!Lis,!2012),!who!suggest!that!iron!bioavailability!should!not!be!considered!“all!or!nothing”!but!instead!a!spectrum!that!depends!on!available!Fe<substrates,!natural!organic!compounds!including!specific!and!non<specific!ligands,!and!biotic!organisms!present!for!growth!within!the!multitude!of!marine!environments.!At!the!level!of!the!individual!phytoplankter!cell!and!its!ability!to!acquire!iron!from!the!environment,!however,!bioavailable!Fe!is!considered!to!be!Fe!in!dissolved!forms!only!((Morel!et!al.,!2008)!and!references!therein),!with!the!exception!of!organisms!large!enough!to!directly!phagocytize!colloidal!and!pFe!(Barbeau!et!al.,!1996;!Nodwell!and!Price,!2001).!!The!specific!cellular!mechanisms!that!access!either!FeL!(ligand<bound)!or!Fe’!pools!of!dFe!continue!to!be!investigated!mechanistically!(Kustka!et!al.,!2005;!Shi!et!al.,!2010),!but!in!general,!particulate!and!colloidal!iron!are!not!considered!to!be!directly!bioavailable!to!marine!phytoplankton!(Rich!and!Morel,!1990;!Wells!et!al.,!1983)!in!the!absence!of!dissolution!processes.!!General!
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bioavailability!of!particulate!Fe!is!thus!dependent!on!the!processes!that!release!and/or!maintain!particle<sourced!Fe!in!forms!(Fe’,!FeL)!that!are!directly!or!indirectly!acquirable!by!organisms.!The!dominant!apparent!solubilization!processes!in!seawater!often!involve!tandem!light<ligand<particle!interactions,!albeit!with!sometimes!indirect!mechanisms!of!action.!!Borer!et!al.!(Borer!et!al.,!2005)!showed!that!the!strong!siderophores!DFOB!and!aerobactin,!in!the!presence!of!light!and!Fe<oxides!goethite!and!lepidocrocite,!accelerated!the!dissolution!of!crystalline!iron!by!acting!as!Fe(II)!shuttles.!!A!study!comparing!model!iron!complexes!and!natural!in!situ!ligands!in!sub<Antarctic!waters!(Maldonado!et!al.,!2005)!indicated!in!situ!ligands!were!strongly!photo<labile,!and!that!natural!assemblages!of!ligands!produced!a!15<fold!increase!(over!model!compounds)!in!Fe<uptake!in!light!experiments.!!More!recently,!Hassler!et!al.!(Hassler!et!al.,!2011)!demonstrated!that!simple,!environmentally!common!mono<!and!poly<saccharides!can!greatly!enhance!bio<uptake!of!iron!as!part!of!the!natural!“organic!soup”!of!ligands!in!Southern!Ocean!waters.!Certain!species!have!Fe!acquisition!systems!that!target!particles,!in!the!surface!perhaps!most!notably!Trichodesmium!spp.,!that!“mine”!pFe!from!lithogenic!dust!particles!(Rubin!et!al.,!2011).!!In!the!deep!ocean,!biologically!mediated!alteration!and!acquisition!of!Fe!by!chemoautotrophs!is!the!basis!for!entire!ecosystems!of!marine!organisms!(reviewed!by!(Orcutt!et!al.,!2011),!and!refs.!therein).!!Some!diatoms,!including!Rhizosolenia!are!known!to!migrate!vertically!by!adjusting!their!buoyancy!when!nitrogen<stressed!to!“gather”!nutrients!at!the!deep!nutricline!in!the!NW!Pacific!(McKay!et!al.,!2000).!!Constitutive!expression!of!Fe<stress!markers!in!these!species!made!it!unclear!if!this!behavior!encourages!Fe<acquisition,!though!they!hypothesize!it!would!be!dependent!on!the!depth!of!the!ferricline.!!The!dissolved!ferricline!is!often!associated!with!a!particulate!lithocline,!which!in!the!Northwest!Pacific!is!laterally<sourced!(Lam!and!Bishop,!2008),!but!can!also!be!sourced!vertically!from!aeolian!deposition!and!remineralization,!as!observed!in!the!N.!Atlantic!(Ohnemus!and!Lam,!in!prep).!Particulate!Fe!makes!up!a!significant,!if!not!frequently!dominant,!portion!of!total!Fe!present!in!the!oceans!(Johnson!et!al.,!1997;!Landing!and!Bruland,!1987;!
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Mahowald!et!al.,!2009),!so!the!extent!to!which!the!multitude!of!particulate!pools—innumerable!lithogenic!minerals!and!various!biogenic/organic!and!authigenic!Fe<phases!generated!and!recycled!in!situ—are!bioavailable!for!biotic!uptake!and!growth!at!the!surface!is!thus!an!important!question!but!one!that!is!difficult!to!examine!directly.!!Prior!incubation!studies!utilizing!bioparticulate<59Fe!(Hutchins!et!al.,!1993)!and!dissolved<57Fe!isotopic!amendment!into!natural!seawater!(Hurst!and!Bruland,!2007)!noted!rapid!and!continuous!in!situ!recycling!and!regeneration!of!particulate!Fe!pools.!!Hurst!et!al.!implicated!the!cycling!of!Fe!between!dFe!(soluble!and!colloidal)!and!pFe!pools!as!evidence!that!pFe!may!act!as!a!bioavailable!Fe!source!(i.e.!of!dFe).!!!Many!other!natural!seawater!incubations!utilizing!dissolved!Fe!amendments!(Chever!et!al.,!2010;!Moore!et!al.,!2007b)!allow!for!prompt!observation!of!community!responses!and!sensitivities!to!Fe<additions!in!combination!with!other!parameters.!!However,!the!underlying!particulate<centered!dissolution!and!recycling!processes!in!natural!seawater!that!are!ultimately!the!sources!of!most!bioavailable!Fe!remain!poorly!understood.!In!this!study,!we!utilize!synthetically!prepared!57Fe<enriched!minerals!to!examine!the!bioavailability!of!inorganic!and!mineral!pFe!more!directly.!!Natural!Fe!comprises!four!stable!isotopes,!of!which!56Fe!is!the!major!isotope!(91.8%)!and!57Fe!a!minor!isotope!(2.82%).!!We!synthesized!two!particulate!mineral!phases!that!were!>96%!57Fe:!ferrihydrite,!an!Fe3+!oxy<hydroxide!chosen!to!be!reflective!of!poorly<crystalline!suspended!Fe(III)!oxides!commonly!found!in!marine!particle!assemblages!(Lam!et!al.,!2012)!and!the!early!authigenic!phase!formed!after!precipitation!of!dissolved!Fe!in!oxygenated!seawater;!and!fayalite,!an!Fe2+!silicate!chosen!to!be!reflective!of!primary!lithogenic!silicates.!!Through!immobilization!of!these!phases!onto!acrylic!slides!after!(Birkefeld!2005)!and!bottle!incubation!of!the!slides!in!iron<limited,!whole!seawater!surface!communities!for!12<14d,!we!sought!to!ascertain!whether!biotic!communities!incorporated!57Fe!from!source!minerals!into!biomass!via!any!combination!of!abiotic!or!biotic!processes.!
.
2..METHODS.2.1!Mineral!Synthesis!
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! 57Fe!was!purchased!as!hematite!(Fe2O3)!from!Isoflex,!USA!(actual!batch!isotopic!composition:!57Fe!96.64%;!56Fe!1.38%;!58Fe!1.97%).!!Ferrihydrite!was!synthesized!according!to!the!2<line!ferrihydrite!procedure!of!Schwertmann!and!Cornell!(2008).!!57Fe2O3!was!first!dissolved!in!concentrated!nitric!acid!at!60˚C.!!57Fe(NO3)3!(1M)!was!titrated!slowly!with!0.1M!NaOH!to!pH!9,!then!dialyzed!behind!100kDa!dialysis!tubing!(Fisher)!in!a!Milli<Q!water!bath!(Millipore;!18.2MΩ)!that!was!frequently!changed!for!five!days.!!Ferrihydrite!was!then!removed!from!dialysis!tubing,!freeze<dried,!and!homogenized!with!a!mortar!and!pestle!for!60min!to!produce!a!fine!powder.!!The!freeze!drying!of!ferrihydrite!notably!aggregates!and!ages!the!mineral!(Raiswell!et!al.,!2010),!though!grinding!(and!the!resulting!decreased!grain!size)!should!increase!surface!area.!!Taken!together!with!the!long!period!between!mineral!synthesis!and!incubation!(6!months),!our!57Fe<ferrihydrite!is!likely!to!be!far!more!refractory!than!many!natural,!fresh!assemblages!of!Fe<oxyhydroxides!present!in!the!euphotic!ocean.!!Micron<scale!x<ray!absorption!near!edge!spectroscopy!(µXANES)!of!slide<bound!ferrihydrite!conducted!after!the!incubation!experiment!at!the!Advanced!Light!Source!(Berkeley,!CA)!beamline!10.3.2,!and!spectral!fitting!to!an!Fe<mineral!library!(Lam!et!al.,!2012)!indicated!a!mixture!of!2L<ferrihydrite!and!biogenic!iron!oxyhydroxide!e.g.!(Toner!et!al.,!2009)!indicating!the!mixture!had!not!significantly!aged!to!6L<ferrihydrite.!! 57Fe<fayalite!(57Fe2SiO4)!was!prepared!by!petrogenic!reduction!of!57Fe2O3!in!the!presence!of!quartz!(SiO2).!57Fe2O3!(Isoflex)!and!SiO2!(Sigma,!ultrapure)!were!dried!at!600˚C!for!24hrs!in!porcelain!crucibles,!then!cooled.!!SiO2!was!added!to!a!slight!stoichiometric!excess!(1.1!Si:!1!Fe2)!to!support!complete!reaction!of!Fe,!and!the!mixture!ground!by!automated!mortar!and!pestle!under!ethanol!for!24!hours.!!The!mixture!was!transferred!to!a!Ni0<metal!bucket!and!suspended!within!a!petrogenic!furnace!(Deltech)!at!1050˚C!in!a!reducing!CO/CO2!atmosphere!(log!fO2!=!<11.6!M)!for!4d.!!Atmospheric!oxygen!fugacity!was!monitored!by!zirconia!electrode!and!was!held!within!the!fayalite<magnetite<quartz!(FMQ)!buffering!region!throughout!the!reaction!(O'Neill,!1987).!!At!the!end!of!firing,!the!reaction!was!quenched!into!DI<water,!and!the!pellet!removed!and!thoroughly!ground!with!a!mortar!and!pestle!(90min)!until!homogeneity!and!visual!grain!size!were!similar!to!
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the!ferrihydrite,!which!had!been!prepared!previously.!!Grains!were!initially!confirmed!as!fayalite!by!Fe:O:Si!stoichiometry!using!SEM<EDS!and!later!by!µXRD!at!the!Advanced!Light!Source!(Berkeley,!CA)!beamline!10.3.2.!!XANES!fitting!of!slide<immobilized!grains!indicated!the!presence!of!magnetite!as!a!possible!component!fit!(typically!<20%!in!fewer!than!20%!of!grains).!!The!fayalite!powder!should!therefore!be!considered!as!being!a!mixture!of!mostly!Fe2<silicate!(fayalite),!with!a!small!but!non<trivial!yet!crystalline!Fe3<oxide!(magnetite)!component.!!2.2!Slide!Preparation!! Incubation!slides!were!designed!after!(Birkefeld!et!al.,!2005),!who!immobilized!a!range!of!inorganic!mineral!particulates!in!epoxy!resin!(c.f.!their!Figs.!1<3)!for!4<18!months!to!examine!dissolution!kinetics!in!soil!systems.!!Square!slides!(4cm2)!were!cut!from!acrylic!sheets!(3/32”!thickness;!McMaster<Carr),!numbered!with!an!engraver,!and!acid<cleaned!in!10%!HCl!for!7!days.!!In!a!HEPA<filtered!clean!space,!clear,!UV<resistant,!two<part!marine!epoxy!(West!System!105/207!mixture)!was!prepared!by!mass!in!small!batches!and!applied!evenly!in!a!thin!film!using!the!edge!of!a!second!slide!as!an!applicator!across!one!face!of!the!slide.!!A!pre<weighed!aliquot!of!mineral!was!placed!into!a!small!plastic!dusting!barrel!(attached!to!a!compressed!air!source)!with!a!circular!aperture!approximately!2/3!the!width!of!the!slide!surface!area.!!Slides!were!held!a!few!mm!away!from!the!chamber!aperture!and!the!mineral!was!sprayed!directly!into!the!setting!epoxy!film.!!The!spray!pattern!was!no!larger!than!the!chamber!aperture,!indicating!most,!if!not!all,!mineral!sprayed!had!impacted!the!slide/epoxy!surface.!!Microscopic!imaging!of!the!slide!surfaces!showed!some!finer!particles!were!buried!(inaccessible)!beneath!the!epoxy!resin,!though!most!retained!a!slight!(10<50%)!surface!exposure!to!the!environment!as!in!(Birkefeld!et!al,!2005).!!Epoxy!was!allowed!to!set!for!3!days!in!a!HEPA<filtered!environment.!Exact!masses!of!mineral!deposited!could!not!be!determined!as!epoxy!was,!by!design,!setting!during!the!mineral!application.!!Further,!variation!in!mineral!embedding!(degree!of!mineral!inaccessibility!beneath!epoxy!surfaces)!also!represented!a!source!of!mineral!loading!uncertainty.!!As!an!experimental!
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compensation!for!these!uncertainties,!slides!were!loaded!at!two!different!levels,!LO!(110!±!13!µg!mineral)!and!HI!(294!±!24µg!mineral),!to!examine!for!dose<dependent!growth!and/or!57Fe<transfer.!!Effective!mineral!concentrations!are!poorly!constrainable!in!this!case!of!immobilized,!variously!exposed!mineral!particles.!!Considering!approximately!10<50%!of!particle!spherical!area!is!exposed,!and!assuming!that!less!than!12%!of!a!50µm!particle!is!at!its!surface!(highly!uncertain!for!ferrihydrite),!we!can!estimate!that!on!order!of!1%!of!particle!mass!is!actually!exposed!to!the!environment.!!Assuming!55%wt.!Fe!(calculated!for!fayalite;!ferrihydrite!may!be!as!high!as!63%!depending!on!hydration!or!molecular!formula!used),!1%!exposure!effective!concentrations!are!presented!in!Table!1.!These!experiments!were!designed!to!fully!immobilize!the!labeled!mineral!pool,!allowing!separation!at!experiment!end!between!the!target!biogenic!and!authigenic!particles!(suspended!biogenic/organic!and!authigenic/inorganic!phases)!and!the!source!minerals.!!The!disadvantage!of!this!immobilization!is!an!inability!to!directly!quantify!available!surface<available!mineral!without!altering!the!original!slides,!as!would!be!necessary!if!the!goal!was!to!measure!absolute!mineral!solubility!or!uptake!rates!requiring!normalization!to!the!amount!of!mineral!added.!More!precise!dissolution!and/or!uptake<kinetics!experiments!using!labeled!minerals!are!an!intriguing!future!possibility!assuming!quantification!can!be!conducted!via!suitable!methods.!!2.3!Marine!Particulate!Sample!Collection!! Water!column!particulates!used!in!description!of!the!oceanographic!particle!regime!and!in!particle!addition!experiments!were!collected!via!in!situ!battery<powered!pumps!(McLane)!using!a!dual<flow!methodology!described!in!(Committee,!2010)!and!(Ohnemus!et!al.,!in!prep).!!Pumps!operated!for!1.5!hr!at!an!initial!flow<rate!of!8L/min.!!Large<size!fraction!(LSF,!>51µm)!particulates!were!collected!first,!on!acid<cleaned!polyester!screens.!!Fine!particulates!were!collected!downstream!of!LSF!particles!on!paired,!acid<cleaned!0.8µm!polyethersulfone!Supor!filters.!!During!filter!processing!after!pump!recovery,!screens!and!filters!were!misted!lightly!with!Q<water!under!gentle!vacuum!to!reduce!salt!retention.!!A!subsection!of!the!LSF!
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(typically!½!a!screen,!representing!ca.!120L!of!seawater)!was!rinsed!onto!25mm!Supor!disc!filters!using!filtered!surface!seawater!that!were!later!bisected!for!total!digestion!analyses.!!The!remaining!screens,!including!those!used!for!weak!leaches,!and!all!Supor!filters!were!dried!in!a!HEPA<filtered!AirClean!flowbench!and!bagged.!!The!upper!(top)!Supor!filter!(0.8<51µm!particulates)!was!later!subsampled!and!analyzed!for!suspended!(“susp”)!particulate!concentrations.!!Filters!were!processed!and!subsampled!only!in!HEPA<filtered!environments!using!trace<metal!techniques!(Ohnemus!and!Lam,!in!prep).!!2.4!Incubation!Source!Waters!! Two!subantarctic!stations!were!chosen!as!incubation!sources!to!contrast!different!recent!ambient!Fe!environments.!!Station!27/Inc.!1!was!located!at!the!edge!of!the!Crozet!platform!in!post<summer!bloom!waters!(late!February)!that!had!likely!!recently!become!Fe<limited!(Pollard!et!al.,!2007).!!Station!43/Inc.!2!was!located!in!the!open!subantarctic!ocean,!upstream!of!the!Kerguelen!Islands.!!Whole!surface!seawater!from!20m!depth!was!collected!in!a!20L!Go<Flo!bottle!suspended!from!a!Kevlar!trace<metal!clean!wire!at!two!stations:!(Stn!27;!T=8˚C)!and!(Stn!43;!T=7˚C).!In!a!HEPA!filtered!clean!area,!seawater!was!transferred!to!a!large!acid<cleaned!carboy!with!headspace,!sealed,!and!kept!in!the!lit!incubation!chamber!(T=8˚C)!while!incubation!bottles!were!prepared.!!Incubations!1!and!2!overlapped!temporally!and!utilized!the!same!walk<in!incubator!space.!!Initial!temperature!conditions!for!Inc.!1!(T=8°C)!thus!determined!the!settings!for!Incubation!2,!making!incubation!conditions!slightly!warmer!than!ambient!for!the!second!incubation.!!2.5!Incubation!Design!! Prior!to!incubation!start,!in!a!HEPA<filtered!clean!environment,!mineral!slides!were!first!“conditioned”!by!agitating!inverted!slides!gently!in!a!small!bath!of!incubation!source!water!for!10!minutes.!!Conditioning!ideally!removed!labile!surface!contaminants!and!any!loose!particulates!present!on!the!slide!surfaces.!!Slides!were!then!suspended!in!250mL!(main!incubation!bottles)!or!1L!(time<course!bottles)!seawater!just!below!the!surface!using!a!loop!of!acid<cleaned!polypropylene!
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fishing!line!that!was!closed!into!the!bottle!cap!to!aid!retrieval.!!Main!incubation!bottles!were!used!to!study!full<term!57Fe!transfer!from!immobilized!minerals!with!replication!(N=2!or!3),!while!larger!time<course!bottles,!which!had!nominally!identical!mineral!loadings!as!small!bottles!and!thus!initially!4<fold!diluted!effective!mineral!concentrations![Table!1],!were!used!for!time<course!biological!(nutrient!drawdown,!Chl!production)!and!were!conducted!without!replication.!!Our!use!of!smaller!volumes!(250mL)!and!long!incubation!times!(12<13d)!for!the!main!incubation!was!intended!to!allow!adequate!time!to!observe!particulate!bioavailability.!!This!came!at!the!expense!of!relatively!greater!“bottle!effects”!than!short<term,!larger<bottle!dissolved!element!additions!experiments,!as!our!small!volumes!likely!amplified!any!bottle,!dilution,!or!chip<related!(epoxy!leaching,!surface!area,!mineral!effects)!effects.!Bottles!were!prepared!in!small!(n=2!or!3)!batches!to!minimize!temperature!stresses!on!biotic!communities.!!Poisoned!controls!(250mL!bottles!only)!were!prepared!identically,!with!the!addition!of!a!100µL/L!SW!spike!from!a!saturated!(in!>18MΩ!clean!water)!HgCl2!solution.!!Sealed!bottles,!which!included!headspace,!were!secondarily!capped!with!clean!plastic!bags!to!prevent!contamination!of!the!bottle!lids!and!necks!without!obscuring!bottle!walls.!!Replicate!bottles!were!then!placed!in!a!series!of!ordered!rows!(Row!1!closest!to!light!source,!Rows!2!and!3!sequentially!further!away)!within!a!walk<in!cooler!(T=8˚C)!facing!a!blue!fluorescent!light!bank!(Phillips!TL<D!18W/18!2’!blue!bulbs).!!Bottles!with!no!chip!added!(whole!seawater!only)!are!described!as!unamended!treatments!herein.!!Bottles!with!a!blank!chip!added!(epoxy!only,!no!mineral)!are!described!as!blank!or!blank!slide!treatments.!! Variations!in!growth!responses!due!to!bottle!placement!(light!effects)!were!not!anticipated!across!replicates,!so!lighting!levels!were!not!explicitly!determined!for!each!bottle.!Photon!flux!measurements!using!a!PAR!sensor!indicated!front!row!(Row!1)!illumination!was!29!µmol!photons/m2/sec,!and!rear!row!(Row!3)!illumination!was!22!µmol!photons/m2/sec.!!These!light!levels!are!within!the!range!of!light<limitation!(<46µmol/m2/sec)!for!many!Antarctic!diatom!cultures!(Fiala!and!Oriol,!1990)!and!thus!reflective!of!conditions!in!the!lower!portion!of!the!deep!chlorophyll!max,!where!lithogenic!pFe!concentration!gradients!are!often!large!(Lam!
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et!al.,!2012)Ohnemus!and!Lam,!in!prep).!!The!incubator!was!kept!on!a!12hr/12hr!light/dark!schedule.!!A!full!list!of!incubation!treatments!with!the!number!of!replicates!for!each!type!is!presented!in!Table!2.!!2.6!Nutrient!and!Chlorophyll!Analyses!! On<board!nutrient!analyses!(dissolved!nitrate,!nitrite,!ammonium,!silicate,!and!phosphate)!were!conducted!by!the!Scripps!Institution!of!Oceanography,!Oceanographic!Data!Facility!(SIO/ODF)!group.!!Chlorophyll<α!(Chl<a,!or!Chl)!was!extracted!from!QMA!filters!into!acetone!(10mL)!at!<20˚C!in!darkness!for!>12!hrs.!!Chl<a!concentrations!were!determined!on<board!using!a!Turner!Designs!fluorometer!calibrated!with!high!purity!chlorophyll<a!standards!(Balch!et!al.,!2011).!!2.7!Particulate!Leaches,!Digests,!and!Analyses!! In!a!HEPA<filtered!environment,!one<liter!time<course!bottles!were!sub<sampled!at!three!time<points!(250mL!each,!Inc.!1:!days!1,!4,!and!7;!Inc.!2:!days!3,!8!and!11),!and!at!incubation!sacrifice!(all!bottles,!250mL)!at!day!12!(Inc.!1)!or!13!(Inc.!2).!!Time<course!aliquots!were!analyzed!for!Chl<a!concentration!(utilizing!typically!50mL)!and!nutrients!(30mL,!large!bottles!only)!with!the!remainder!(170<200mL)!filtered!for!suspended!particle!measurements!onto!0.2µm!polycarbonate!filters!(Nucleopore).!Filters!were!folded!in!half,!transferred!to!Millipore!petri<slides,!briefly!dried,!covered,!and!stored!at!room!temperature!in!clean!sealed!bags!until!analysis.!Primary!(weak)!leaching!of!filters!was!conducted!in!acid<cleaned!2mL!micro<centrifuge!tubes!using!a!slight!modification!of!the!HAcT+R!procedure!(Berger!et!al.,!2008),!which!was!designed!to!access!bioavailable/labile!particulate!trace!metals.!!The!leach!(conducted!with!1mL!leach!volume!per!filter)!is!25%!ultrapure!(Seastar)!acetic!acid!(HAc)!with!0.02!M!hydroxylamine!hydrochloride!(Sigma,!ReagentPlus)!for!2hr!at!RT!that!begins!with!a!brief!(10min)!90<95˚C!heating!step!that!aids!in!solubilizing!organic/protein<bound!metals.!!!Leaches!were!centrifuged!during!the!final!30min!of!reaction!to!pelletize!any!large!particulates/minerals,!after!which!half!the!leachate!volume!(0.5mL)!was!carefully!removed.!!Leachate!aliquots!were!dried!in!acid<cleaned!(Auro!et!al.,!2012)!Teflon!vials!at!110˚C!and!amended!with!two!
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separate!(200µL)!16M!(conc.)!HNO3!additions!to!digest!the!acetic!acid!matrix.!!Final!pellets!were!resuspended!in!5%!HNO3!(1mL)!for!analysis!via!ICP<MS.!After!analyses!of!the!first!incubation,!we!noted!filter!leach!blanks!for!Al!(0.32±0.09nM)!and!Fe!(0.27±0.08nM)!that!were!high!relative!to!expected!marine!particle!loadings!in!incubation!bottles:!Coale!et!al.!(Coale!et!al.,!2005)!report!typical!sub<polar!front!marine!particulate!HAc<leachable!Fe!values!of!<!0.02nM.!!These!blanks!would!be!acceptable!for!filtrations!of!larger!volume,!open<ocean!samples,!but!several!liters!of!incubation!filtrate!would!be!required!to!surpass!these!digest<associated!blanks!for!Fe!in!our!bottle!incubations.!!Prior!to!analysis!of!the!second!incubation,!leach!stock!was!cleaned!by!addition!of!2g!Chelex<100!resin!(pre<treated!using!the!procedure!of!Price!et!al.,!(1988))!followed!by!shaking!for!10!minutes,!then!centrifugation!to!remove!the!resin.!!Backgrounds,!especially!for!leachable!Fe,!were!improved!(Fe:!0.07±0.01nM;!Al:!0.19±0.03nM),!though!still!above!measurement!levels!for!absolute!leachable!concentrations!of!these!metals!in!our!small!volume,!Fe<limited!systems.!!We!thus!refrain!from!interpreting!the!Al!and!56Fe!leachable!results!in!incubation!samples!(Supplementary!materials)!directly!as!an!indicator!of!natural!metal!behaviors,!as!most!of!the!signal!is!likely!associated!with!leach!blanks.!!Water!column!concentration!profiles!(Fig.!2)!from!in!situ!pumps,!however,!which!were!conducted!using!much!larger!volumes!of!filtered!particles,!were!well!in!excess!of!leach!detection!limits.!Despite!Fe!blanks!that!interfered!with!determination!of!natural!Fe!responses!in!incubations,!measured!Fe!values!were!well!constrained,!with!fully<propogated!analytical!mean!Fe!uncertainties!for!all!samples!=!5.6!±!2.1%.!!NB:!all!uncertainties!reported!herein!are!presented!as!±1σ.!!56Fe/57Fe!abundance!ratios!for!both!natural!marine!sources!and!leach!blanks!were!observed!within!error!of!natural!abundances!of!the!isotopes!(control!and!blank!56Fe/57Fe!mean!=!2.39%!±!0.10%;!natural!ratio!2.31%).!!We!are!thus!able!to!correct!measured!57Fe!abundances!for!natural!abundance!Fe!(both!environmental!and!leach<sourced)!using!56Fe!to!isolate!the!57Fe!associated!with!the!added!mineral<bound!tracer,!which!we!report!as!57Fexs.!!57Fexs!determinations!from!leaches!and!totals!have!had!56Fe<associated!errors!propagated!into!their!uncertainties.!!Blanks!and!detection!limits!for!57Fe!were!determined!using!
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acid!process!blanks!and!filtered!samples!(un<amended!controls!and!blank<slide!replicates)!that!had!57Fe!abundances!only!associated!with!sample!handling.!!Blank!values!for!Inc.!1!were!0.07±0.01ng;!for!Inc.!2:!0.12±0.11ng.!!Values!below!blank!mean+3σ!(Inc.!1:!0.10ng;!Inc.!2:!0.45ng)!are!reported!as!below!detection!(B.D.).!Refractory!digestions!were!conducted!on!incubation!samples!sequentially!by!quantitatively!transferring!the!filter,!remaining!leachate,!and!any!pellet!(via!four!0.5mL!rinses!with!Q<water)!to!Teflon!vials.!!Transfers!were!digested!for!2hr!at!135˚C!in!sealed!vials!using!a!mixture!of!HNO3/HCl/HF!acids!(4N!each,!4mL)!described!further!as!digest!D2!in!(Ohnemus!and!Lam,!in!prep).!!Filters,!which!remained!intact!after!digestion,!were!removed!and!rinsed!with!ultrapure<water!into!the!vial.!!The!digest!solution!was!then!dried!at!135˚C,!then!the!pellet!treated!identically!to!the!weak!leach!(two!16M!HNO3!additional!dry<downs!followed!by!resuspension!in!1mL!5%!HNO3!for!analysis).!!The!second!digest!has!been!corrected!for!the!portion!associated!with!the!transferred!leachate!from!the!first!weak!leach!by!subtraction!to!derive!“refractory”!values.!Due!to!greater!sample!availability,!pump!samples!were!subject!to!weak!leaches!and!total!(refractory)!digestions!separately!(non<sequentially),!but!are!reported!in!a!manner!consistent!with!the!(sequential)!filtered!incubation!samples:!the!total!digest!is!corrected!for!the!leachable!digest!and!reported!as!a!refractory!value.! Analyses!were!conducted!at!the!WHOI!Plasma!Facility!using!an!Element2!inductively!coupled!plasma!mass!spectrometer!(ICP<MS,!Thermo).!!115In!(0.5ppb)!was!utilized!as!an!internal!analytical!drift!monitor!and!for!matrix/salt!suppression!correction!(typically!5<15%).!!Elemental!concentrations!were!standardized!to!external!dilutions!of!a!combined!trace!metal!standard!prepared!with!approximately!crustal!abundances!from!ICP/AA!elemental!standards!in!5%!HNO3.!!Natural!abundances!of!56Fe/57Fe!in!standards!and!blanks!were!consistently!observed!and!isotopic!ratios!were!monitored!throughout!the!run!via!frequent!acid!blanks!and!mid<run!standards.!!
3..RESULTS.
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3.1!Water!Column!Particulates!at!Incubation!Sites!Marine!particulates!collected!via!in!situ!pumps!(Committee,!2010;!Lam!and!Morris,!n.d.)!at!two!incubation!water!source!stations!(Fig.!1)!were!analyzed!for!Al,!P,!and!Fe!to!provide!oceanographic!context!and!determine!initial!incubation!conditions.!!Fine!suspended!particles!(“Susp”:!0.8<51µm)!from!seven!depths!shallower!than!1km!(three!in!the!upper!100m)!were!digested!in!parallel!for!leachable!(“Lch”)!and!refractory!(“Ref”)!particle!abundances.!!Large!size<fraction!particulates!(“LSF”:!>51µm;!Fig.!2,!asterisks)!were!only!analyzed!at!the!surface!(20m!depth,!incubation!source!water)!and!the!particulate<addition!source!depth!(Stn!27,!200m;!leachable!values).!!Incubation<specific!data!are!summarized!in!Table!1!with!full!particulate!profiles!shown!in!Figure!2.!!Mixed!layer!depths!(MLD),!defined!as!potential!density!anomaly!>0.05!vs.!0m,!were!83m!at!Stn!27!and!86m!at!Stn!43.!!3.1.1!Particulate!Fe!Distributions!! The!coastal!incubation!(Inc.!1,!Stn!27)!was!conducted!using!unfiltered!surface!(20m)!seawater!collected!over!the!slope!of!the!Crozet!Islands!(Fig.!1,!zoomed!view),!approximately!48km!ENE!from!the!nearest!land!outcrop!(Îlots!des!Apôtres).!!Surface!(20m)!concentrations!of!total!(leachable!+!refractory)!lithogenic!particles!were!low!(20m:!pFesusp,tot=3.3ng!L−1;!pFeLSF,tot=3.8!ng!L−1;!80m:!pFesusp,tot=4.2!ng!L−1;!pFeLSF,tot!N.D.).!Our!observed!LSF!values!are!significantly!lower!than!those!measured!by!Planquette!et!al.!(2009)!at!their!M3!site!in!early!January!2005!at!80m!depth:!pFeLSF!at!their!station!M3.7!(2005<01<10):!21.4!ng!L<1;!M3.8!(2005<01<12):!37.0!ng!L<1.!!During!our!sampling!in!late!February!(2011<02<26),!the!Crozet<associated!region!was!well!post<austral!summer!blooms,!and!most!lithogenic!particles!had!likely!been!exported!from!the!euphotic!zone.!!Surface!pFesusp!concentrations!in!the!offshore!incubation!(Stn!43)!were!even!lower!(0.3!ng!L−1)!than!at!Crozet,!with!most!euphotic!zone!pFe!observed!in!the!LSF!(>51µm),!typical!of!aggregation!of!lithogenics!into!large!particles!in!open!ocean!euphotic!systems!(Ohnemus!and!Lam,!in!prep).!!This!large,!refractory!fraction!(pFeLSF,tot!=!13.5!ng!L−1)!was!elevated!even!compared!to!Stn!27!(pFeLSF,tot!=!3.8!ng!L−1)!though!its!leachable!portion!was!below!detection,!suggesting!the!natural!
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bioavailable!and/or!actively!cycling!pFeLSF!pools!were!minimal!there!(Planquette!et!al.,!2009).!At!Crozet,!water!masses!in!the!northern!section!of!the!rise!(i.e.!Stn!27)!are!generally!“downstream”!of!the!plateau’s!influence!(Planquette!et!al.,!2009;!Pollard!et!al.,!2007).!!We!noted!a!subsurface!particulate!lithocline!in!support!of!this!influence!that!appeared!associated!with!the!Crozet!shelf!below!100m!depth!(pFesusp!increasing!rapidly!from!3.3!ng!L−1!at!20m!and!5ng!L−1!at!80m!to!20ng!L−1!by!200m!and!39ng!L−1!at!600m;!bottom!depth:!689m).!!No!subsurface!lithocline!was!observed!at!Stn!43!in!the!open!sub<polar!ocean,!by!comparison,!where!pFesusp!was!<10ng!L−1!throughout!the!water!column.!!Water!column!LSF!particulates!from!200m!depth!at!Stn!27!were!used!in!a!dose<dependent!particulate!addition!experiment!(Inc1+P).!!Concentrations!of!leachable!Al,!Fe!and!P!from!these!LSF!particles!are!also!presented.!At!source!depths!for!incubation!water!(20m),!similar!proportions!of!suspended!leachable!iron!were!observed!at!both!stations!(37.8%!at!Stn!27;!39.9%!at!Stn!43),!despite!a!factor!of!10!difference!in!absolute!abundance.!!Planquette!et!al!(2011),!using!a!different!estimate!of!“Biogenic!Fe”!calculated!via!Al/Fe!ratios,!observed!similar!percentages!on!large!>53µm!particles!(mean:!23%)!at!stations!north!of!the!Crozet!plateau.!!Both!of!our!incubation!stations!also!exhibited!strong!subsurface!minima!in!absolute!and!percent!leachable!pFesusp!(80<120m!at!Inc.!1:!11<16.5%!leachable!Fesusp,;!85<120m,!Inc.!2:!3.4<7.8%!leachable!pFesusp)!in!association!with!the!base!of!the!deep!fluorescence/chlorophyll!maxima!(DCM)!which!were!generally!broad!between!25<80m!depth!(Fig.!2B).!!We!cannot!determine!directly,!using!only!a!leach,!whether!the!increased!absolute!and!percent!leachable!pFesusp!in!surface!waters!is!due!to!an!increase!in!biotically<bound!pFe!in!fine!plankton,!or!an!increase!in!leach<labile!inorganic!pFesusp!in!shallow!waters!(i.e.!due!to!an!ongoing!cycle!of!photo<reduction!and!re<precipitation!of!fresh,!inorganic!pFe!oxyhydroxides!there).!!Nevertheless,!it!is!notable!that!surface!biotic!communities!used!in!the!incubations!at!both!sites!have!access!to!pools!of!(or!are!continuously!generating)!leachable!pFe,!whether!that!Fe!is!incorporated!into!biomass!or!present!in!the!form!of!suspended!authigenic!phases.!Fine!particles!at!the!DCM,!by!comparison,!are!less!leachable,!suggesting!either!an!absolute!lack!of!input/in;situ;generation!of!
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bioavailable!Fe!there,!and/or!net!removal!of!leachable!Fe!at!those!depths!(i.e.!due!to!aggregation!and!sinking!removal!of!particulate!matter!from!the!euphotic!zone).!!3.1.2!Particulate!P!distributions!Surface!biomass!(measured!as!particulate!P)!was!greater!at!Stn.!27!than!Stn!43!(Ptot!567!ng!L−1!vs.!323!ng!L−1,!respectively),!though!leachable!P!concentrations!across!both!size!fractions!(Susp!+!LSF)!were!similar!at!the!two!sites!(220!ng!L−1!vs.!201!ng!L−1).!!Leachable!suspended!particulate!P!varied!more!widely!than!Fe!in!the!surface,!from!41%!leachable!(Stn!27)!to!63%!leachable!(Stn!43),!likely!due!to!differences!in!community!structure.!!Most!leachable!P!was!found!in!LSF!particles!at!Stn!43,!which!was!located!near!the!boundary!between!the!sub<polar!and!polar!fronts!and!where!the!surface!community!was!dominated!by!large!Rhizosolenia!diatoms.!!Stn.!27!was!characterized!by!a!more!mixed!biotic!assemblage,!including!coccolithophores!and!diatoms!(Planquette!et!al.,!2009)!associated!with!an!iron<limited,!post<bloom,!late!summer!system.!!Both!incubation!regimes,!like!most!in!this!portion!of!the!subantarctic!ocean,!were!expected!to!be!iron<stressed!based!on!excess!surface!nitrate!and!phosphate!(T0,!Fig!3E<F,!3I<J),!though!incubation!2!had!a!notable!depletion!in!surface!silicate!(Fig.!3H)!indicating!silica<stress!may!have!influenced!growth!rates!(Moore!et!al.,!2007b;!Pollard!et!al.,!2007).!!3.2!Time<Course!Bottle!Experiments!! One<liter!time<course!bottles!(Fig.!3)!were!subsampled!for!Chl<a!(Fig.!3A<D),!nutrients!(Fig.!3E<N),!and!suspended!particulates!(57Fexs,lch!Fig!3O<P)!at!three!points!throughout!the!incubations,!primarily!to!track!Chl<production!and!nutrient!drawdown.!!(Particulate!57Fe<!transfer!was!an!ancillary!focus!in!time<course!bottles!due!to!changing!mineral:seawater!ratios!throughout!the!experiment.)!!The!T0!chlorophyll!time<point!sample!from!Inc.!1!was!lost,!so!individual!1L!bottles!were!subsampled!for!Chl<a!at!Day!1.!!All!Inc.!1!bottles,!including!the!unamended!control!and!blank!treatments,!exhibited!strong!macronutrient!drawdown!and!chlorophyll!production!throughout!the!experiment,!which!was!terminated!(TF!=!day!12)!during!exponential!growth!as!the!incubation!approached!silicate!depletion![Figure!3G].!!
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Error!bars!are!absent!as!large!incubation!bottles!were!not!replicated!(n=1),!so!we!only!cautiously!examine!treatment<specific!trends.!!The!lack!of!statistically!significant!treatment!trends!may,!however,!be!due!to!the!greater!dilution!factor!in!time<course!bottles!compared!to!small!(250mL)!bottles,!especially!early!in!the!incubation!when!the!mineral:seawater!ratio!was!4x!more!dilute.!!In!support!of!this,!we!note!that!in!small!bottles,!variation!in!mineral:seawater!ratios!vis<à<vis!differential!slide!loadings!(≈3x!difference!in!mineral!loading!between!HI!vs.!LO)!was!enough!to!cause!growth!response!variations!(c.f.!Fig.!6G).!In!Incubation!1,!the!blank!slide!treatment!surpassed!all!mineral!treatments!(in!Chl!production!and!NO3!drawdown)!by!the!final!time!point.!!This!most!likely!indicates!contamination!during!repeated!sub<sampling,!or!suggests!simply!wide!variability!in!bottle<to<bottle!(rather!than!different!treatment)!growth!responses,!appropriate!considering!the!rather!narrow!spread!in!drawdown!for!other!major!nutrients!between!treatments!at!TF.!!The!possibility!also!exists!that!mineral!presence!in!some!way!inhibited!late!logarithmic!stage!growth,!though!this!is!not!supported!by!results!from!the!small!(250mL)!bottles!in!which!mineral!treatments!responded!with!elevated!growth!over!the!blank!(discussed!further!herein)!and!where!mineral:seawater!ratios!were!greater.!!Within!mineral!treatments,!the!slight!general!trend!in!ordering!of!Chl!production!(Fay!HI!>!Fay!LO!≈!Ferri!Hi!≈!Ferri!LO)!is!consistent!with!small!bottle!results,!though!95%!confidence!intervals!of!slopes!to!linear!fits!of!log<growth!responses!(not!shown)!do!not!indicate!significant!differences!between!treatments.!Leachable!57Fexs!was!quite!variable!in!large!bottles,!perhaps!due!to!changing!dilution!effects!of!mineral:seawater!ratios!and!due!to!removal!of!variably!leachable!organic!phases!during!the!time<course.!!Surprisingly,!many!bottles!in!Incubation!1!exhibited!an!apparent!decrease!or!loss!of!leachable!57Fexs!by!the!final!time<point,!if!not!earlier.!!This!suggests!a!shift!from!the!labile!to!the!refractory!fraction!of!the!57Fexs!pool!during!the!late!incubation.!!Previous!culture!experiments!using!dFe!amendments!have!noted!cultures!can!become!Fe<stressed!in!extended!periods!(>5d)!of!incubation!after!strong!growth!due!to!community!uptake!of!all!bioavailable!Fe!(Davey!and!Geider,!2001;!Moore!et!al.,!2007b;!Price,!2005).!!How!such!iron!becomes!
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sequestered!into!organic!(or!inorganic)!phases!that!are!inaccessible!to!the!weak!leach,!and!what!the!identity!of!those!phases!are!in!high!biomass!(late!incubation)!systems,!is!unclear.!In!Incubation!1!we!observed!a!nitrate!drawdown!of!10<12µmol/L;!silicate!2<2.6µmol/L;!phosphate:!0.7µmol/L.!!Typical!∆Si(OH)4:∆NO3!removal!ratios!for!local!diatom!species!are!>1:1!(Moore!et!al.,!2007a),!so!our!observed!∆Si(OH)4:∆NO3!≈!1:5!is!consistent!with!a!mixed!community!response!in!which!diatoms!were!a!minor!component!(Twining!and!Baines,!2013).!!Due!to!the!low!light!levels!(<30µmol/m2/sec)!in!our!incubations,!diatom!growth!was!possibly!both!Fe<!and!light<stressed,!comparable!to!natural!observations!of!deep!mixed!layer!systems!in!the!region.!! We!observed!only!moderate!Chl!production!and!macronutrient!drawdown,!by!comparison,!during!incubation!2.!!Depending!on!diatom!community!structure!and!associated!silicate!uptake!affinities!(Martin!Jézéquel!et!al.,!2000),!low!levels!of!initial!silicate!(<0.7µM)!may!have!limited!diatom!growth!throughout!the!incubation.!!Similar!to!Inc.!1,!the!blank!slide!treatment!appeared!to!perform!slightly!better!than!other!treatments,!though!95%!confidence!intervals!of!growth!rates!through!day!8!(not!shown)!similarly!indicate!no!treatments!are!significantly!different!at!this!sampling!resolution.!!We!thus!defer!to!the!results!of!the!small!bottles!to!ascertain!biotic!responses!to!mineral!treatments.!!3.3!Small!Volume!Incubation!Results!3.3.1!Abiotic!57Fe<Transfer!Experiments!! Mercury!(Hg)!poisoned!incubation!controls!(Fig.!4A<D)!were!originally!designed!to!test!for!unintentional!physical!transfer!of!immobilized!mineral!particles!from!the!slide!into!the!suspended!particulate!pool.!!Unexpectedly,!in!Hg<killed!250mL!incubation!bottles,!transfer!of!57Fe!from!the!immobilized!minerals!to!suspended!particulates!as!57Fexs!(>0.2µm)!was!observed!at!TF!in!a!light;dependent!manner!in!both!experiments!(Fig.!4C,D).!!Bottles!that!were!closer!to!the!light!source!(Row!1)!exhibited!greater!transfer!than!identical!treatments!further!away!(Row!2).!!Ferrihydrite!and!fayalite!were!found!to!have!similar!levels!of!57Fexs!transfer!at!
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similar!mineral!loadings!in!Incubation!1!(Inc.!1:!Ferri!HI!vs.!Fay!HI).!!Ferrihydrite!had!been!synthesized!and!freeze<dried!6!months!before!incubation!but!had!not!yet!aged!to!6L!ferrihydrite,!so!it!is!surprising!that!a!poorly!crystalline!Fe!oxyhydroxide!(ferrihydrite)!was!found!to!have!similar!lability!to!a!more!crystalline!Fe<silicate!(fayalite).!!In!incubation!2,!we!observed!greater!transfer!of!57Fe!from!fayalite!compared!to!ferrihydrite!chips!(Fig!4C,D:!Fay!LO!vs.!Ferri!LO).!!Rapid,!low!temperature!dissolution!of!Si!from!primary,!silicate<bearing!minerals!(Oelkers!et!al.,!2011)!has!been!observed!in!artificial!seawater!systems,!and!Tréguer!and!De!La!Roche!(Tréguer!and!La!Rocha,!2013)!note!that!primary!minerals,!such!as!fayalite,!are!often!observed!to!dissolve!more!rapidly!than!weathered!minerals.!!Co<examination!of!silica!and!Fe!solubility!from!these!minerals!into!seawater!from!coastal!vs.!open!ocean!could!be!performed!to!explore!our!observed!abiotic!differences!in!Fe!transfer,!and!furthermore!whether!stoichiometrically!congruent!(2Fe:1Si)!dissolution!of!fayalite!(Fe2SiO4)!is!occurring.!Comparing!incubations,!we!observed!that!incubation!1!generally!exhibited!greater!mobilization!of!57Fe!from!minerals!(cf.!Fig.!4C<D!a!factor!of!1.3!in!Ferri!HI<Row1,!and!a!factor!of!2.4!in!Ferri!Hi<Row2)!despite!similar!levels!of!particulate!organic!matter,!as!judged!from!leachable!particulate!P!(Fig.!4A<B).!!Differential!standing!stocks!of!specific!and!non<specific!Fe<ligands!that!aided!in!ligand<promoted!dissolution!of!mineral!bound!Fe!could!be!invoked!to!explain!this!disparity,!though!absolute!dissolution!rate!experiments!would!be!required!to!determine!this!with!certainty.!! While!we!interpret!the!transfer!of!57Fe!from!the!mineral!chips!to!the!water!column!to!be!a!result!of!mineral!Fe<dissolution,!an!alternative!explanation!for!57Fe!transfer!is!the!loss!of!poorly<immobilized!minerals!from!the!chips!directly!into!suspension.!!To!distinguish!between!these!two!explanations,!we!conducted!a!second,!sequential!total!digestion!(HNO3/HF/HCl!acid!mixture,!4N!each,!135˚C,!2hrs)!of!the!combined!leachate,!centrifugation!pellet,!and!filter!from!all!abiotic!bottles!and!multiple!biotic!samples!to!examine!for!extra!release!of!mineral<bound!57Fe!from!mineral!particles.!!Fayalite!particles!should!be!largely!inaccessible!to!the!pH!2!leach!even!in!the!presence!of!a!reductant!(Berger!et!al.,!2008)!though!mineral!
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ferrihydrite,!even!aged!and!freeze<dried!as!treated,!may!be!expected!to!be!comparatively!more!accessible!to!the!leach.!Sequential!total!(+HF)!digests!of!poisoned!controls!indicated!the!weak!leach!had!accessed!56<67%!of!total!(leachable!plus!refractory)!particulate!P,!and!19<27%!(fayalite!treatments)!or!32<40%!(ferrihydrite!treatments)!of!particulate!57FeXS.!!The!correlation!between!leachable!and!refractory!57Fe!is!presented!in!Figure!5.!!The!correlation!between!leached!values!and!totals!on!the!lower!end![Figure!5,!left]!is!expected,!as!the!leach!(25%!acetic!acid,!0.02M!hydroxylamine,!brief!heating,!2hrs!at!RT!without!agitation),!only!accessed!a!portion!of!the!organic!material!present,!leaving!>40%!(poisoned!controls)!or!25%!(non<poisoned!samples)!of!particulate!P!on!the!filters.!!Aging!of!both!organic!matter!and!inorganic!phases!between!sample!collection!and!analyses!(18!mos.)!is!likely!responsible!for!incomplete!organic!recoveries,!as!the!freezing!protocol!described!by!the!original!bioavailable!leach!(Berger!et!al.,!2008)!was!not!implemented.!!Several!samples!with!significantly!elevated!refractory!57Fe!pools!were!not!positively!correlated!with!increased!leachable!values![Fig.!5,!right,!circled],!which!we!interpret!as!direct!mineral!loss!from!the!chip!during!handling.!!Leach!values!associated!with!>10ng!refractory!57Fe!recoveries!are!noted!(†)!in!subsequent!figures,!as!some!portion!of!the!leachable!signal!may!represent!refractory!source!mineral!in!those!cases.!!We!therefore!attribute!most!of!the!refractory!57Fexs!signal!to!additional!authigenic!57Fe<oxides!and!biogenic!57Fe!bound!to!organic!phases!inaccessible!to!the!weak!leach!rather!than!to!direct!mineral!loss!from!the!chip,!and!infer!that!the!leach!is!primarily!accessing!non<mineral!57Fe.!!!3.3.2!Biotic!Experimental!Results!Similar!to!the!light<dependent!57Fe!transfer!observed!in!poisoned!controls,!a!light/row<dependent!production!of!Chl<a!was!especially!pronounced!in!incubation!1![Fig.!6A].!!In!5/6!treatments,!bottles!closer!to!the!light!source!(Row!1)!produced!more!Chl<a!than!bottles!further!away,!a!result!that!confounded!the!intention!of!replicate!bottle!analyses!in!examining!treatment!significances,!yet!indicated!the!importance!of!slight!light!effects!at!these!illumination!levels.!!Our!observation!of!
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slightly!lower!Chl!production!in!bottles!incubated!with!blank!slides!(which!include!the!epoxy!film,!but!no!mineral)!compared!to!unamended!(slide<absent,!whole!seawater!only)!control!bottles!may!be!attributed!to!slide<related!“bottle!effects”!previously!described.!!For!the!purposes!of!the!discussion!here,!we!focus!primarily!on!responses!in!mineral!chip!treatments!compared!to!the!blank!chip!treatment!to!isolate!the!effect!of!the!mineral!addition.!To!compensate!for!observed!light!effects!within!treatments,!we!subtract!the!row<specific!Chl!in!blank<chip!treatments!from!unamended!and!mineral!treatments![Fig.!6F],!and!report!treatment!means!and!population!standard!deviations![Fig.!6G]!for!the!blank<subtracted!values.!!We!observe!that!in!all!+57Fe<mineral!treatments,!including!fayalite,!Chl!response!was!significantly!elevated!compared!to!blank!slides,!and!that!HI!mineral!doses!resulted!in!higher!mean!Chl!values!compared!to!LO!mineral!doses.!Leachable!P!results!appear!more!variable!than!Chl,!even!after!subtraction!of!the!appropriate!row<blank!values!(6H).!!A!significant!leachable!P!response!above!blank!values!is!nevertheless!noted!in!both!Ferri!HI!and!Fay!LO!treatments.!!Sample<by<sample!production!of!biomass!(leachable!P)!in!excess!of!the!blank,!more<so!than!Chl!(not!shown),!appeared!positively!correlated!with!leachable!57Fexs!(Fig!6L).!!We!plot!leachable!P!(excess!over!blank!chip!treatment)!versus!leachable!57Fexs!in!Figure!6L.!!Samples!with!negligible!leachable!57Fexs!are!colored!red,!including!one!bottle!with!positive!biomass!accumulation!(Ferri!LO<2,!possibly!56Fe!contaminated),!and!one!bottle!that!crashed!(Fay!HI<1!and!which!also!possessed!significant!57Fexs!refractory!value!(†),!indicating!possible!mineral!loss!from!chip).!!A!strong!linear!trend!is!noted!even!when!all!values!are!fitted!(red!line,!left!equation),!though!exclusion!of!red!points!(blue!linear!fit,!right!equation)!greatly!improves!the!R2!without!changing!the!trend.!!Excess!biomass!generation!over!the!blank!value!appears!to!be!in!direct!correlation!to!additional!57Fe!uptake!from!57Fe<labelled!minerals.!!Furthermore,!57Fe:P!mole!ratios!for!this!excess!biomass!(0.9<7.6!mmol!57Fe:mol!P;!Fig.!6L,!annotations)!were!comparable!to!biogenic!Fe:P!ratios!observed!in!marine!diatoms!and!autotrophic!flagellates!from!the!Southern!Ocean!(Twining!and!Baines,!2013)!(order:!1<2mmol!Fe:mol!P).!
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Compared!to!Fe<transfer!in!abiotic!treatments!(Fig!6D),!the!three!uncontaminated!biotic!treatments!(Fig.!6E;!Ferri!HI<1!and!<2,!Fay!HI<2)!demonstrated!greater!transfer!of!57Fexs!by!factors!of!1.6<3.1.!!The!nature!of!this!excess!transfer!has!two!possible!explanations:!assuming!the!abiotic!solubilization!mechanisms!observed!in!poisoned!controls!are!also!occurring!in!biotic!experiments,!
increased!preservation!of!57Fexs!in!leachable,!biotically<bound!forms!of!organic!matter!could!alone!explain!increased!(leach<apparent)!transfer!of!57Fe.!!Increased!absolute!solubilization!of!minerals!in!biotic!cultures!is!also!feasible,!perhaps!via!direct!biotic!processes!or!indirectly!through!the!production!of!ligands!that!may!or!may!not!be!photo<active.!!We!cannot!distinguish!between!these!scenarios!using!this!experimental!setup.!Incubation!2![Figure!7A<J]!displayed!less!intense!growth!trends!overall!with!∆Chl!vs.!blank!chip!treatment!<!0.4µg/L!for!all!57Fe!mineral!amendments.!!We!were!thus!unable!to!observe!consistent!light</row<dependent!Chl<responses!to!57Fe<minerals![Figure!7A]!as!in!Incubation!1.!!Row<blank!subtraction![Fig.!7F]!and!associated!treatment!means![Fig.!7G]!for!Chl!indicated!slight!but!significant!Chl!responses!to!ferrihydrite!but!not!fayalite!amendments,!though!no!dose<dependent!responses!were!observed.!!Excess!leachable!P!over!the!blank!treatment!(Fig.!7H,!I)!displayed!more!variable!trends!than!Chl!(as!in!Inc.!1),!and!was!not!correlated!with!57Fexs!transfer![not!shown].!We!suspect—but!cannot!display!definitively!in!the!absence!of!silicate<amended!treatments—that!low!starting!silica!concentrations!(<0.5µM)!inhibited!strong!diatom!growth!responses!in!this!incubation!despite!the!presence!of!mineral!Fe!that,!in!Incubation!1,!led!to!increased!growth!(Chl,!P)!and!strong!mineral!responses.!!Many!diatom!species!possess!half<saturation!constants!for!silicate!uptake!that!are!>0.5µM!(Martin!Jézéquel!et!al.,!2000),!in!support!of!this!claim.! Notably,!a!slide!prepared!with!ground,!un<labeled!(natural)!mineral!biotite—an!Fe2+!sheet!silicate/mica!often!found!in!particle!assemblages!near!active!continental!margins!(Lam!et!al.,!2012)!and!also!noted!as!a!component!in!particle!assemblages!near!Crozet![not!shown]—was!associated!with!greatly!elevated!growth!in!this!incubation!(“Biotite”!sample).!!We!hypothesize!that!silicate,!rather!than!Fe,!
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sourced!from!the!mineral!may!have!been!responsible!for!the!strong!additional!growth!in!this!bottle,!as!small!diatom!species!have!been!shown!to!access!both!pure!and!diatomaceous!earth<sourced!silica!for!growth!under!limiting!conditions!(Capellacci!et!al.,!2012).!In!a!final!small!experiment![Fig.!8]!at!the!beginning!of!Incubation!1,!deep!LSF!particulates!from!200m![Table!3]!were!resuspended!in!incubation!seawater!and!then!added!to!250mL!incubation!bottles!(where!+1mL!≈!+0.25L<equivalent!LSF!particles)!containing!mineral!slides.!!Row!1!bottles!without!particle!addition!(light!green)!are!shown!for!incubation!context.!!Particle!amendments!demonstrated!bottle<by<bottle!excess!Chl!over!blank!chip!controls!in!all!doses!≥4mL,!and!excess!Chl!over!the!mineral!chip!alone!with!both!+8mL!particle!amendments!(into!LO!mineral<dosed!bottles),!demonstrating!the!strongest!Chl!increases!observed!in!small!bottle!incubations.!!We!do!not!show!phosphorus/biomass!results!due!to!the!addition!of!significant!P!from!large!particles!and!no!means!to!assess!remineralization!of!this!added!P.!!57Fe!results!are!somewhat!ambiguous,!with!+4mL!treatments!(which!performed!similarly!to!the!Row!1!mineral!incubation!bottles,!light!green)!displaying!the!most!leachable!57Fe!transfer,!and!highly!productive!+8mL!bottles!showing!a!relative!decrease!in!leachable!57Fe!transfer!compared!to!+4mL!treatments.!!This!may!be!similar!to!the!effect!observed!in!high<biomass!1L!time<course!bottles!(Fig.!3O<P)!in!which!elevated!growth!leads!to!a!general!decrease!in!leach<accessible!57Fe.!!
4..DISCUSSION.! Many!dFe!amendment!incubation!studies!have!demonstrated!the!interplay!between!marine!biotic!community!structures,!micro!and!macro<nutrient!(co)<limitations,!and!light.!!A!central!role!for!iron!in!phytoplankton!bloom!development!and!decline!is!well!established,!but!the!specific!mechanisms!associated!with!its!use!are!as!complex!as!the!diverse!organisms!and!marine!niches!(set!by!light,!nutrients,!grazing,!etc.)!that!utilize!it!(Moore!et!al.,!2006).!!Much!of!the!oceanic!Fe!pool!is!particulate,!however,!and!pFe!sources!(aeolian,!benthic,!lateral)!are!both!ubiquitous!and!under<characterized!in!the!context!of!whole!community!incubation!
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experiments.!!Our!primary!experimental!goal!was!to!ascertain!whether!in!situ!particulate!mineral<Fe!bioavailability!and!utilization!can!potentially!stimulate!growth!in!whole!community!incubations!on!a!two<week!timescale.!We!were!secondarily!interested!in!differential!availability!of!the!two!different!mineral!forms!we!synthesized,!and!the!links!between!growth!responses!and!57Fe!transfer.!The!major!interaction!we!demonstrate!here—that!mineral<sourced!Fe!can!become!bioavailable!in!natural!systems!through!both!biotic!and!abiotic!mechanisms—highlights!an!increasingly!complex!interplay!between!marine!communities!and!their!iron!sources.!! We!observed!a!modest!but!positive!enhancement!of!growth!in!mineral<amended!incubations,!with!ferrihydrite!(a!poorly!crystalline!Fe!oxyhydroxide)!exhibiting!extra!Chl!production!in!both!near<shore!(Stn!27<Crozet)!and!off<shore!(Stn!43)!incubations.!!Fayalite!(a!crystalline!Fe<silicate)!was!observed!to!enhance!growth!in!the!near<shore!incubation!only,!but!on!a!similar!scale!as!ferrihydrite<related!growth!effects!despite!its!more!crystalline!structure.!!These!results!alone!suggest!an!important,!if!subtle,!role!for!suspended!Fe<oxyhydroxide!and!crystalline!Fe<minerals!as!sources!of!biologically<available!Fe!pools!in!natural!waters!in!longer!term!exposures.!!The!underlying!mechanisms,!though!not!examined!directly,!may!be!informed!by!our!Hg<poisoned!controls!in!which!light<sensitive!transfer!of!57Fe!from!immobilized!minerals!into!suspended!>0.2µm,!leach<accessible!particles!was!observed.!!Even!in!the!absence!of!living!cellular!machinery!associated!with!biological!Fe<acquisition,!the!Hg<poisoned!controls!demonstrate!that!oxyhydroxide<!and!silicate!mineral<bound!pFe!can!be!solubilized!in!a!light<sensitive!manner!in!natural!seawater!(and!any!associated!organic!materials!released!during!Hg<poisoning).!!!!Further,!this!dissolution!is!not!a!simple!function!of!the!crystallinity!of!the!source!mineral.!!Wherever!pFe,!sunlight,!and!organic!matter!co<occur!in!natural!seawater,!this!process!likely!generates!(and!continuously!regenerates!(Hurst!and!Bruland,!2007))!fine,!authigenic!Fe<oxyhydroxide!particulate!phases,!although!we!did!not!directly!investigate!the!speciation!of!the!57Fexs.!!A!light!induced,!potentially!ligand<promoted,!abiotic!Fe<cycle!thus!envisioned!likely!involves!transformation!of!
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mineral!Fe!through!dissolved!and!colloidal!forms,!thereby!releasing!and!sustaining!bioavailable!pools!of!Fe.!! We!hypothesize!that!biotic!processes,!either!active!(e.g.!Fe<specific!ligand!production,!mineral<bound!bacterial!communities!that!promote!solubilization)!or!passive!(e.g.!increased!specific!or!non<specific!Fe<ligands!in!active!DOC!pools)!are!increasing!mineral!dissolution!rates,!although!our!experiments!cannot!confirm!this!directly.!!The!mechanism!for!the!transfer!of!Fe!from!the!mineral!phase!to!the!suspended!particle!pool!remains!an!interesting!question,!and!one!that!should!be!further!examined!in!seawater!using!57Fe<enriched!minerals.!Our!selection!of!two!sites,!one!near<shore!and!the!other!in!the!open!ocean,!(compared!side<by<side!in!Figure!9)!with!the!former!demonstrating!stronger!transfer!and!utilization!of!mineral<bound!57Fe!forms,!leaves!open!the!possibility!that!biotic!communities!associated!with!the!higher!ambient!pFe!concentrations!at!Incubation!1!(Figure!2)!increased!mineral!solubilization!rates.!!This!would!imply!that!the!Crozet!biotic!community,!which!is!known!to!respond!rapidly!to!dFe!amendment!(Moore!et!al.,!2007a;!2007b)!may!have!been!better!adapted!to!respond!to!pFe!addition!as!well,!due!to!more!frequent!exposure!to!pFe!inputs!from!nearby!island!sources.!!Presence!of!such!pFe!adaptation!(whether!organism<specific!or!a!whole!community!response)!could!take!the!form!of!increased!utilization!of!Fe(II)!silicates,!as!suggested!by!increased!57Fexs!transfer!in!fayalite!treatments!at!Inc.!1!(cf.!Figure!9E!vs.!9F).!!Fe(II)!silicates,!including!fayalite!itself,!along!with!biotite,!chlorite,!and!basalt!glasses,!were!commonly!observed!in!Fe<mineral!assemblages!at!200m!near!the!Crozet!platform,!in!both!suspended!and!LSF!particles!(Lam!and!Ohnemus,!in!prep).!!Indeed,!redox<sensitive!chemical!species!mapping!techniques!(Lam!et!al.,!2012)!showed!that!up!to!40%!of!pFe!at!the!Crozet!station!was!present!as!Fe(II).!!Extremely!low!total!pFe!abundances!throughout!the!open!ocean!station!(Figure!2:!Incubation!2)!could!similarly!select!for!biotic!communities!that!are!not!adapted!to!respond!to!inputs!of!Fe(II)!silicates,!and!only!moderately!adapted!to!low<light!pFe(III)!addition!via!ferrihydrite.!The!particle!addition!experiment,!using!LSF!particles!from!beneath!the!Crozet!lithocline,!also!demonstrated!an!increased!Chl!response!in!surface!waters.!!
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While!we!do!not!know!what!component!of!the!added!particles!stimulated!growth,!an!alleviation!of!Fe!limitation!is!consistent!with!the!oceanographic!context.!!This!displays!directly!the!effect!that!large!particles!and!any!associated!minerals!and/or!recyclable!biogenic!Fe,!can!have!on!surface!productivity!(cf.!Planquette!et!al.!2009,!2011).!There!was!increased!57Fe!transfer!from!mineral!chips!in!the!4mL!particle!addition!to!the!LO!ferrihydrite!and!fayalite!chips,!but!not!in!the!more!highly!productive!8mL!particle!addition!treatments.!!This!indicates!that!Fe<usage!from!all!particle!sources,!including!the!immobilized!minerals,!was!enhanced!at!moderate,!but!not!the!highest,!levels!of!increased!productivity.!!Why!high!biomass!systems!result!in!lower!concentrations!of!leach<accessible!Fe!pools!is!curious,!and!we!do!not!know!if!these!observations!have!implications!for!open!marine!environments.!!If!highly!productive!marine!systems!result!in!poorly!leach<accessible/non<bioavailable!Fe!pools,!this!could!be!an!important!constraint!on!environmental!Fe!cycling.!We!demonstrated!that!organisms!in!Incubation!1!responded!to!mineral<sourced!Fe!addition!with!increased!Chl!and!biomass,!and!did!so!in!a!physiologically<consistent!manner!by!producing!excess!biomass!at!Fe:P!mole!ratios!consistent!with!Southern!Ocean!diatoms!and!autotrophic!flagellates!(Twining!et!al.,!2004).!!The!lower!observed!57Fe!transfer!in!incubation!2!could!be!equally!explained!by!silica!limitation!that!prevented!increased!diatom!biomass!production!in!response!to!pFe!addition,!or!by!a!community!that!was!poorly!adapted!to!respond!to!mineral!pFe!addition!and!thus!failed!to!increase!solubilization/transfer!of!mineral!Fe,!regardless!of!whether!it!was!Fe<limited.!!Future!experiments!designed!to!differentiate!between!increased!biotic!utilization!and!increased!mineral!solubility/community!adaptations!could!address!these!ambiguities.!!! This!study!demonstrates,!for!the!first!time,!that!mineral!Fe!can!be!a!source!of!bioavailable!iron,!and!that!some!regions!appear!to!be!better!able!to!use!mineral!Fe!than!others.!!More!work!is!needed!on!determining!the!prevalence!of!mineral!Fe!bioavailability.!!Particle<sourced!Fe<bioavailability!cycles!and!mechanisms!should!be!examined!further!using!stable<labeled!minerals!in!natural!marine!systems,!as!they!
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present!a!means!to!explore!the!otherwise!subtle,!but!possibly!ubiquitous!naturally<occurring!pFe/dFe!cycles!in!seawater.!
. .
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Figure'1:'(Upper):'Oceanographic'stations'(purple'circles,'annotations)'along'R/V$Roger$Revelle$cruise'RR1202'(black'line)'in'the'southern'Indian'Ocean'at'which'incubation'source'waters'were'collected.''Colors'(scale)'indicate'sea'surface'temperature'(SST)'at'the'start'of'Incubation'2.''(Lower):'Zoomed'bathymetric'view'of'the'Crozet'platform'displaying'the'location'of'Incubation'1'source'water'collection'at'the'platform'shelf'break'(689m'bottom'depth).'SAW:'subantarctic'water.'
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Figure'2B:'Incuba3on'sta3on'proﬁles,'ﬂuorescence'
Figure'2:'(A):'SizePfractionated'water'column'proQiles'of'McLane'pumpPcollected'particule'Al'(blue),'P'(green)'and'Fe'(red)'at'incubation'source'stations'(left'column:'Incubation'1/Stn'27;'right'column:'Incubation'2/Stn'43).''Suspended'(susp,'0.8P51µm,'Supor'Qilters)'and'large'size'fraction'(LSF,'>51µm'polyester'screens)'particles'are'separated'into'leachable'(LCH:'modiQied'bioavailable'HAcT+R'leach'from'Berger'et'al.'2008)'and'refractory'(REF:'HF/HNO3/HCl)'pools.''LSF'values'(Lch,'Ref)'shown'for'incubation'source'depths'(*).''LSF'values'(Lch'only)'for'particle'addition'source'depth'(**).''(B)'Fluorescence'proQiles'from'the'ship’s'CTD'(arbitrary'units)'in'the'upper'200m'at'incubation'stations,'demonstrating'the'broad'Qluorescence'maxima'between'20P80m'commonly'observed'during'the'transect.'Mixed'layer'depths,'deQined'as'potential'density'anomaly'>0.05'vs.'0m,'were'83m'at'Stn'27'and'86m'at'Stn'43.'
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Fig.'3:'(APB)'Chlorophyll,'(CPD)'log'Chlorophyll,'(EPM)'nutrient,'and'(NPO)'suspended'leachable'57Fexs'concentrations'from'onePliter'timePcourse'incubation'bottles'(n=1'per'treatment).''Left'column:'incubation'1;'right'column:'incubation'2.'Error'bars'for'57Fexs'are'±1σ'analytical'uncertainties'(described'further'in'Fig.'6P7'caption).'Within'each'incubation,'logPChl'linear'Qitted'growth'curves'[not'shown]'were'not'signiQicantly'different'(95%'conQidence'interval'of'slopes)'between'all'treatments.''More'intense'macronutrient'drawdown'and'greater'Qinal'chlorophyll'concentrations'were'observed'in'incubation'1'than'incubation'2,'where'low'initial'silicate'values'may'have'prevented'a'strong'diatom'growth'response'to'mineral'amendments.''Leachable'57Fexs'values'are'difQicult'to'interpret'due'to'both'changing'ratios'of'mineral:seawater'and'poorly'constrained'removal'of'timePvarying'biogenic'and'authigenic'leachable'pools'via'subsampling.''Decreases'in'the'absolute'amounts'of'leachable'57Fexs,'especially'near'the'end'of'higher'growth'incubation'1'and'despite'increasing'mineral:seawater'ratios,'may'indicate'aging'of'leachable'biogenic'and'authigenic'Fe'pools,'if'not'also'the'source'mineral'surfaces,'as'the'incubation'progressed.'
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Figure'4:'Abio3c'intercomparison'
Fig.'4:'Abiotic'experiments'in'HgPpoisoned'250mL'bottles'indicated'lightPdependent'(rowPdependent)'transfer'of'57Fexs'(lower'panels)'from'immobilized'minerals'into'suspended'>0.2µm'particulate'phases'with'more'transfer'in'higher'light'bottles'(Row'1)'than'bottles'further'away'from'the'light'source'(Row'2).''Incubation'1'(left),'demonstrated'similar'levels'of'transfer'for'both'minerals'(Ferri'HI'≈'Fayalite'HI).''Incubation'2'(right,'no'Row'3'as'in'biotic'experiments)'displayed'greater'abiotic'transfer'of'57Fe'from'mineral'fayalite'(Fay'LO'>'Ferri'HI'in'row'1).''Across'incubations,'Ferri'HI'treatments'indicated'slightly'greater'abiotic'57Fe'transfer'in'Incubation'1'seawater'despite'similar'levels'of'leachable'particulate'biogenic'material'(particulate'P,'upper'panels).''Error'bars'are'propagated'analytical'uncertainties'(±1σ).'ND:'not'determined;'BD:'below'detection.''
B:'PLCH'
D:'57FeXS,LCH'
167
Figure'5:'Leachable'vs.'refractory'57Fexs'
Figure'5:'To'determine'if'slidePimmobilized'mineral'particles'had'physically'transferred'into'leachable'suspended'phases,'sequentially'digested'refractory'(HF/HNO3/HCl,'4N'each,'135˚C'for'4hrs)'57Fexs'values'(xPaxis)'were'compared'to'leachable'(acetic'acid'+'0.02M'hyrdroxylamine,'2hr'RT,'10min'90˚C'heating'step)'57Fexs'values'(yPaxis)'from'all'abiotic'bottles'and'multiple'biotic'experimental'bottles.''Correlation'at'lower'leachable'values'(left,'most'data'points)'is'attributed'to'incomplete'leach'accessiblity'of'both'biogenic'P'phases'and'some'authigenic'(in$situ$precipitated)'Fe'phases'in'suspension.'Fayalite'(blue'points)'and'ferrihydrite'(red'points)'treatments'showed'broadly'overlapping'trends.''In'several'cases'(circled'values,'right)'mineral'loss'from'chips'into'suspended'particle'phase'or'contamination'during'Qiltration'appears'to'have'resulted'in'elevated'refractory'values,'but'these'were'not'associated'with'higher'leachable'values.'
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Figure'6:'Incuba3on'1'
Bio$c&
Abio$c&
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Figure'6:'Incuba3on'1''
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Figure'6:'Incuba3on'1''
L'
Figures'6'and'7:'Measured'and'rowPblankPsubtracted'chlorophyll'(A,'F),'and'leachable'P'(C,'H),'along'with'measured'leachable'57Fexs'(E'same'as'J)'from'individual'bottle'treatments'in'biotic'incubations.''Row'1'bottles'(higher'light;'light'green)'were'located'closest'to'the'incubator'light'bank,'while'Rows'2'(lower'light)'and'3'(Inc.'2'only,'darker'greens)'were'further'away'as'described'in'methods.''Abiotic'experiments'(B,'D)'in'the'left'column'are'the'same'as'Figure'5,'but'plotted'on'the'same'scale'as'biotic'experiments'for'comparison.''Error'bars'for'individual'bottles'represent'propagated'analytical'uncertainties'(±1σ)'which'include'Qiltered'volume,'instrumental,'blank'subtraction,'and'standardization'uncertainties'(and,'for'57Fexs,'subtraction'of'natural'56Fe/57Fe'signal).''Also'shown'are'treatment'means'of'all'rowPblankPsubtracted'Chl'(G),'rowPblankPsubtracted'leachable'P'(I),'and'57Fexs'values'(K)'with'population'standard'deviations'(G,'I'and'K:'error'bars).'BD:'below'detection.''ND:'not'determined.'†:'>10ng'refractory'57Fexs'indicating'chance'of'mineral'contamination'(excluded'from'treatment'means).'††:'notably'contaminated'with'56Fe."'L'(Figure'6'only):'A'linear'correlation'(red'line,'left'equation)'was'observed'between'leachable'57Fexs'and'rowPblankPsubtracted'P'(excess'biomass'over'blank)'for'all'biotic'samples.''Exclusion'of'a'bottle'suspected'of'56FePcontamination'and'a'“crashed”'bottle'with'extremely'poor'production'(red'points),'improves'the'quality'of'the'Qit'without'signiQicantly'changing'the'trend'(right'equation,'blue'line).'57Fe:P'mole'ratios'for'samples'used'in'the'latter'Qit'are'shown'as'numeric'annotations.''Error'bars:'analytical'uncertainty'(±1σ)'including'blank'subtraction.'
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Figure'7:'Incuba3on'2' Bio$c&
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Figure'7:'Incuba3on'2'
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Figure'8:'Incuba3on'1'+'LSF'Par3cles'(200m)'
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Figure'8:'Measured'and'rowPblankPsubtracted'chlorophyll'(A,'B),'and'measured'leachable'57Fexs'(C)'from'individual'bottle'treatments'in'Incubation'1'that'were'amended'with'resuspended'deep'(200m)'LSF'particles'collected'by'McLane'pumps.''Each'1mL'of'addition'corresponds'to'+1LPequivalent'LSF'particles'[Table'3].''All'particlePamended'bottles'were'located'in'Row'1,'so'Row'1'nonPparticlePamended'bottles'(light'green,'same'as'in'Fig.'6)'are'presented'for'comparison.''Additions'with'≥4mL'all'showed'ChlPincreases'greater'than'row'blanks,'and'+8mL'additions'were'associated'with'the'strongest'increases'in'Chl'levels'(dark'red'bars).''Leachable'57Fexs'showed'greatest'transfer'from'minerals'in'+4mL'additions,'with'+8mL'additions'associated'with'less'transfer,'perhaps'due'to'increased'scavenging'of'leachable'Fe'by'amended'particles'or'by'increased'biomass'that'resulted'from'the'amendment.'Error'bars,'abbreviations'and'symbols'are'as'in'Figs.'6P7.'
B:'Chl'minus'rowDblank'
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Incuba3on'1' Incuba3on'2'
A:'Chl'
C:'Pxs,LCH'
E:'57Fexs'
Figure'9:'Bio3c'Intercomparison'
BD' BD' NA'BD' BD'
B:'Chl'
D:'Pxs,LCH'
F:'57Fexs'
Figure'8:'SidePbyPside'comparison'of'mean'treatment'responses'from'biotic'experiments'(left:'inc.'1;'right:'inc'2).''Abbreviations'as'in'Figs'6P7.'
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Table'3:'Incuba3on'source'water'par3culates'
Table'1:'Mineral'loadings'
Table'2:'Incuba3on'treatments'and'replicates'
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Table'1:'Mineral'loadings'on'immobilized'chips'for'LO'and'HI'mineral'dosings'in'the'two'incubation'bottle'sizes,'along'with'corresponding'particulate'Fe'concentrations.''55%wt.'Fe'is'assumed'for'both'ferrihydrite'and'fayalite'minerals'(though'ferrihydrite'can'be'up'to'63%'Fe'by'weight'depending'on'hydration'and'molecular'formula'used).''Variable'particle'sizes,'differential'mineral'particle'embedding'in'slides'(10P20%'fully'embedded'within'epoxy,'with'exposed'mineral'particles'anywhere'between'10P50%'exposed),'and'unconstrained'mineral'surface'area'make'“surface'available”'Fe'extremely'poorly'constrained,'though'effective'pFe'concentrations'assuming'1%'environmental'exposure'of'particles'are'presented.''Table'2:'Incubation'treatments'and'the'number'of'bottle'replicates'for'each'incubation'described'in'the'text.''Blank'cells'indicate'no'replicate'was'performed.''Unamen:'unamended'whole'seawater'only,'no'slide.'Blank:'epoxyPcoated'slide'in'whole'seawater.''Dosings:'LO'or'HI'(ca.'110'or'294µg'mineral,'respectively,'as'described'in'the'main'text).''Biotite'slide'(Inc.'2,'biotite)'was'loaded'at'a'LO'dosing.''+Particles:'LSF'Qiltered'particles'from'200m'depth'(McLane'pumps)'were'resuspended'in'a'small'amount'of'incubation'seawater'and'added'to'Incubation'1'bottles'such'that'+1mL≈0.25L'equivalent'of'LSF'particles'(Table'3,'Fig.'8).''HgPKilled'bottles'with'slides'(dosing)'were'all'conducted'in'dupilicate.''Table'3:'Leachable'(Lch)'refractory'(Ref)'and'total'(Lch'+'Ref;'L+R)'particulate'concentrations'on'McLane'pump'particulate'samples'(suspended:'SUSP;'large'size'fraction:'LSF)'for'incubation'source'water'depths'and'particulate'addition'experiment'source'water'depths.''Percent'leachable'(%Lch)'also'shown'when'available.''ND:'not'determined.'NA:'not'applicable.'
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Chapter(5:(Conclusions!! !This!thesis!primarily!sought!to!expand!our!knowledge!of!particulate!trace!metal!distributions!in!the!oceans!and!to!probe!the!interactions!between!lithogenic!and!biotic!particles!that!occur!in!seawater.!!We!began!by!analyzing!our!ability!to!quantify!particulate!trace!element!abundances!using!modern!methods.!!An!intercalibration!study!between!several!US!laboratories!demonstrated!interDlab!1σ!uncertainties!of!≤21%!for!most!elements,!improving!to!≤9%!when!considering!only!intralab!variability!for!many!commonly!analyzed!particulate!elements.!!Greater!uncertainties!were!observed!for!elements!with!lower!sample:blank!loading!ratios!(e.g.!Zn,!Pb).!!The!intercomparison!processes!also!inspired!offline,!selfDanalysis!of!laboratory!and!analytical!procedures!and!highlighted!directions!for!future!improvement:!both!invaluable!tools!in!a!small!analytical!field.!!We!also!introduced!a!new!chemical!digest!procedure!that!performs!complete!digestion!of!polyethersulfone!filters,!thus!allowing!highDthroughout,!consistentDsampleDmatrix!analysis!of!particulate!total!digests.!!This!method!is!a!useful!tool!when!conducting!particulate!analyses!on!filters!that!are!otherwise!challenging!or!timeDconsuming!to!digest.!These!techniques!were!utilized!in!our!acquisition!of!a!large!particulate!trace!metal!dataset!from!the!US!GEOTRACES!North!Atlantic!Zonal!Transect.!!These!data,!of!which!the!lithogenic!elements!were!the!primary!focus,!demonstrate!the!largeDscale!influence!of!African!dust!sources!to!the!North!Atlantic,!the!intensity!and!variable!nature!of!both!reducing!and!nonDreducing!benthic!nepheloid!layers,!wideDspread!midDbasin!influences!of!hydrothermal!systems,!and!lateral!transport!of!lithogenic!particles!near!continental!boundaries.!!We!calculated!lithogenic!particle!residence!times!relative!to!dust!inputs!of!20D60d!in!the!upper!200m!and!0.5D1.5!years!in!the!upper!1000m,!and!observed!water!column!lithogenic!inventories!that!decrease!less!rapidly!than!dust!inputs!away!from!the!primary!African!source,!suggesting!increased!removal!(faster!sinking!speeds)!in!dustier!environments.!!Synchrotron!XRFDmapping!of!marine!aggregates!demonstrated!surprisingly!high!partitioning!of!fine!lithogenic!dust!particles!into!large!aggregates!in!the!mixed!layer:!an!interaction!that,!combined!with!relatively!fast!aggregate!settling!speeds,!may!exclude!fine!
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lithogenics!from!accumulating!within!deep!chlorophyll!maxima!beneath!the!mixed!layer.!!These!sizeDfractionation!patterns!demonstrate!how!biotic!aggregation!and!disaggregation!processes!physically!link!surface!lithogenic!metal!inputs!and!surface!biotic!communities!and!drive!vertical!lithogenic!distribution!patterns.!LithogenicDbiotic!interactions!were!the!basis!for!a!oneDdimensional,!multiDbox!model!of!lithogenic!sizeDfractionated!particle!distributions.!!Using!only!external!dust!inputs,!vertical!sinking!rates,!and!reasonable!estimates!biotic!aggregation/disaggregation!rates,!we!demonstrated!model!pTi!profiles!and!sizeDfractionation!that!are!similar!to!field!data.!!MixedDlayer!sensitivities!to!surface!aggregation!rates,!the!behavior!of!deep!disaggregationDtoDaggregation!ratios,!and!lithogenicDinventory!constraints!on!sinking!speeds!suggest!that!measurement!and!modeling!of!lithogenic!particles!may!help!constrain!parameters!that!also!affect!carbon!export!terms.!!TimeDvarying!inputs!of!dust!fluxes!into!the!model!allows!examination!of!water!column!particulate!maxima!propagations!that!are!not!possible!with!single!timeDpoint!measurements,!and!which!vary!in!intensity!and!amplitude!depending!on!model!parameters.!!Future!quantification!of!actual!waterDcolumn!responses!to!timeDvarying!dust!forcing!may!thus!allow!indirect!examination!of!bulk!water!column!aggregation/disaggregation/sinking!rates!through!fairly!simple!lithogenic!particle!measurements.!My!final!data!chapter!examined!the!bioavailability!of!particulate!mineral!forms!of!iron!using!the!stable!isotopic!tracer!57Fe.!!We!presented!evidence!for!transfer!of!57Fe!from!amorphous!ferrihydrite!and!crystalline!fayalite!into!suspended!particles!in!manners!that!suggest!the!importance!of!both!abiotic!(lightDligandDmineral!solubilization!and!continual!FeDrecycling)!and!biotic!(community!uptake!and!solubilization)!processes.!!We!observed!increased!Chl!production!and!57Fe!transfer!from!ferrihydrite!in!all!incubations!and!from!fayalite!in!islandDinfluenced!biotic!community,!indicating!that!mineral!forms!of!particulate!iron!are!made!bioavailable!on!a!relatively!short!timeDscale!after!addition.!!Therefore,!in!the!many!places!where!particulate!Fe,!ligands,!and!light!are!present!in!seawater,!organisms!may!be!using!and!accessing!mineral!iron.!!Our!observation!of!strong!lithogenic!particle!gradients!beneath!the!euphotic!zones!across!the!North!Atlantic!(Chapter!3)!
! 180!
and!near!the!Crozet!platform!(Chapter!4)!are!both!potential!sites!of!such!particulate!solubilization!and!utilization.!!!Our!results!indicate!a!more!central!role!for!mineral!forms!of!particulate!Fe!as!a!source!of!bioavailable!iron!than!previously!thought.!!!!
